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Abstract 
Higher oxygenates synthesis by catalytic conversion of synthesis gas are the 
potential approaches to replace fossil fuels and produce chemicals for pharmaceutical 
manufacture, detergents and polymer industry. Cobalt-based catalysts are the most 
promising catalysts to replace noble metal catalysts for producing ethanol, acetaldehyde 
and higher oxygenates via CO hydrogenation. The formation of higher oxygenates 
requires active sites that can adsorb CO non-dissociatively and insert to the alkyl 
intermediate. The hydrogenation of the CO-inserted intermediates yields C2 and C2+ 
oxygenates. The main focus of this study is to investigate the active site for non-
dissociative CO adsorption, and the modification of the catalysts to enhance the 
production rate for higher oxygenates.  
The effect of different structural promoters are investigated on copper-cobalt 
catalysts. Three cobalt–copper catalysts singly promoted with La, Zr, or Al were studied 
for catalytic conversion of syngas to higher alcohols. CO hydrogenation was carried out, 
and catalyst activity and selectivity to higher alcohols are the greatest on La promoted 
catalyst. La promoted catalyst differs from the other two in the first 10 h of time-on-
stream, with the product distribution shifted to favor oxygenates formation. These 
results suggest changes on La promoted catalyst during the reaction. The DRIFTS 
study of CO adsorption behavior on La promoted copper-cobalt catalyst observed that 
CO linearly adsorbed on Co2C site. A cobalt carbide phase was formed in the reaction, 
and Co2C is able to adsorb CO associatively and insert to the intermediates. X-ray 
absorption techniques detected the existence of cobalt carbide in the lanthanum 
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promoted cobalt-copper catalysts. A further reaction study on a promoter-free bulk Co2C 
catalyst also detected higher oxygenates as products.  
To improve the selectivity to ethanol and higher oxygenates and provide a stable 
catalyst for CO hydrogenation, a novel method using metal organic framework as 
precursors was performed to synthesize a series of potassium-promoted cobalt 
catalysts for higher oxygenates synthesis. The MOF-mediated synthesis method 
provide the catalyst with superior resistance to sintering and deactivation. The 
potassium promoters suppresses the formation of methane and higher hydrocarbons, 
while cobalt carbide is formed from the metallic cobalt and the carbon in the catalyst. As 
a result, the potassium-promoted catalyst synthesized by MOF-mediated method gives 
high yields to ethanol and higher oxygenates. 
CO hydrogenation was also carried out using real biomass-derived syngas. The 
low CO composition and high CO/H2 ratio in the biomass-derived syngas require special 
catalysts to carry out Fischer-Tropsch reaction and produce liquid fuels. By using K-
promoted iron catalysts and ruthenium catalysts, along with the addition of steam into 
the syngas feedstock, a high yield of liquid hydrocarbons were achieved in the reaction. 
This study shed light on using biomass-derived syngas for the production of higher 
oxygenates.
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Chapter 1  Introduction 
1.1 Research Objective 
The purpose of this research is to synthesize, characterize and optimize the 
catalysts for converting synthesis gases to high-value chemicals, including ethanol and 
higher oxygenates. The objective of the research includes: 
• Synthesize highly active cobalt and cobalt-copper based catalysts for syngas to 
ethanol and higher oxygenates conversion. 
• Illustrate the mechanism of synthesizing ethanol and higher oxygenates on Co-
based and Co-Cu catalysts.  
• Synthesize and characterize cobalt carbide on Co and Co-Cu catalysts and 
illustrate the effect of cobalt carbide to ethanol and higher oxygenates synthesis. 
• Utilize novel characterization methods to characterize cobalt-based catalysts 
under in-situ or operando conditions. 
1.2 Justification of the research 
The strong, long-term economic growth in the world increases the energy 
demand of the world. As stated in the international energy outlook 2016 issued by U.S. 
Energy information Administration[1], the total consumption of energy in the world is 
projected to increase from 549 quadrillion Btu in 2012 to 815 quadrillion Btu in 2040. 
Among all types of energy, Liquid fuels are preferred in the transportation and industrial 
sectors. The demand of petroleum and other liquid fuels will continue to grow from 90 
million barrels per day (b/d) now to 121 million b/d in 2040. The increasing demand for 
liquid fuels prompt the research studies on generating liquid fuels from a variety of 
sources, such as coal, natural gas, and biofuels. The predominantly way to synthesis 
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liquid fuels is to convert feedstocks into syngas, then produce liquid hydrocarbons, 
higher oxygenates and other chemicals via Gas to Liquid (GTL) conversions. 
1.3 Reasons for studying syngas conversion to liquid fuels and chemicals 
As stated above, syngas can be derived from numerous carbon feedstocks 
(natural gas, coal, biomass, heavy petroleum residues, etc.), giving the process the 
flexibility to use various carbon sources as feedstocks [2, 3]. In particularly, syngas 
could be derived from the gasification of biomass. This process uses abundant and 
renewable biomass as feedstock, producing synthesis gas along with massive direct 
thermal energy that can be utilized for power generation [4]. The gasification of biomass 
generates a gas mixture containing predominantly CO, H2, CO2, methane, along with 
char and tar as residues [5-7]. A further cleaning process provides clean syngas for 
chemical synthesis. The general H2/CO ratio for biomass-derived syngas is 0.7/1 to 1/1. 
However, recently it is reported that the H2/CO ratio could be increase to the range of 
2.0/1 to 2.3/1 when injecting oxygen and steam during the gasification [8, 9].  
Fuels and chemicals derived from biomass-derived syngas have less Sulphur 
content, lower lifecycle CO2 emissions[10] and excellent fuel properties[11-13]. Among 
all the types of fuels and chemicals, higher oxygenates derived from the catalytic 
conversion of biomass-derived syngas are the major subject of this study. 
1.4 Rationale for studying syngas to higher oxygenates conversion 
In addition to mass usage of ethanol in pharmaceutical manufacture, detergents 
and polymer industry, ethanol and higher oxygenates are utilized as fuel or fuel 
additives blended in gasoline. Blending ethanol increases the combustion efficiency of 
the gasoline and reduces CO and hydrocarbons emission [14, 15]. The annual 
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production of fuel-grade ethanol in U.S. is 14,340 millions of gallons in 2014, and the 
total consumption in U.S. is 13,467 millions of gallons [1].  The consumption of fuel 
ethanol is expected to increase continuously in the next decades. Another approach of 
using ethanol as fuels is the direct-ethanol fuel cells. Ethanol fuel cells have the 
advantage of easy storage and transportation comparing with hydrogen fuel cells[16]. 
Ethanol is less toxic than methanol, but ethanol fuel cells generate the same level of 
current as methanol-powered fuel cells [17, 18]. Recent development of catalysts for 
ethanol oxidizing have revealed the potential of using ethanol fuel cells on portable 
electronics and automobiles, therefore the demand for ethanol will continue to grow in 
the near future.  
Currently most of the ethanol produced is via the fermentation of food-related 
feedstocks, such as sugar cane, beets and corn. Over 90% of ethanol production in 
U.S. is from the fermentation of corn in 2014. Catalytic conversions of syngas to ethanol 
is independent of food-related feedstocks. In fact, all forms of biomass can be utilized 
for ethanol synthesis. Therefore, catalytic conversion of biomass-derived syngas to 
ethanol and higher oxygenates is proposed to be an energy and economy efficient 
method for mass production of ethanol. 
1.5 The significance of the catalysts for higher oxygenate synthesis 
Although syngas to ethanol conversion is expected to be economically favorable 
over the fermentation route, the process is still under study, and the low selectivity of 
ethanol and higher oxygenates hinders this process from commercialization beyond 
pilot scale[19]. Although CO hydrogenation to ethanol reaction is thermodynamically 
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favorable(Equation 1.1), it is less selective comparing to the CO hydrogenation to 
methane reaction (Equation 1.2)[20]: 2CO(𝑔𝑔) + 4H2(𝑔𝑔) → C2H5OH(𝑔𝑔) + H2O(𝑔𝑔) (1.1) 
∆Hr° = −61.2 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 
∆Gr° = −29.32 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 CO(𝑔𝑔) + 3H2(𝑔𝑔) → CH4(𝑔𝑔) + H2O(𝑔𝑔)  (1.2) 
∆Hr° = −49.2 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 
∆Gr° = −33.9 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑘𝑘 
Therefore, the reaction is less favorable to form ethanol (and higher oxygenates) than to 
form methane. There are other side products in the CO hydrogenation reaction, such as 
other C1 products (CO2 and methanol), and C2+ hydrocarbons, which competes with 
oxygenates formation, leading to low selectivity to ethanol and higher oxygenates. 
Studying the catalysts for ethanol and higher oxygenates with specified sites that 
converts CO and H2 to ethanol are necessary to enhance ethanol selectivity and inhibit 
the formation of other side products, making this process cost-effective for mass 
production beyond pilot scale. 
1.6 Rationale for selecting cobalt-based catalysts 
Currently there are four categories of catalysts used for higher alcohol synthesis 
[20, 21]: (1) Noble Metals-based catalysts, (2) Modified methanol synthesis catalysts 
based on Cu, (3) Modified Fischer-Tropsch catalysts based on Co, Fe and Ru, and (4) 
Modified Mo-based catalysts. Noble metals-based catalysts achieve high selectivity to 
higher alcohols, but high cost of noble metals, and the insufficient ethanol yield limited 
the commercial use of these catalysts. Therefore, replacing high-cost catalysts with 
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inexpensive monometallic or bimetallic catalysts have been evaluated, and some of 
them are undergoing pilot plant testing. Modified Fischer-Tropsch catalysts containing 
Fe, Co or Ni are typically modified by other promoters such as Cu, alkali metals or rare 
earth oxides to inhibit methane and hydrocarbon formation and increase the selectivity 
to ethanol and higher alcohols. In particular, promoted cobalt-based catalysts have high 
selectivity to C2+ products, and the catalysts are less selective for water gas shift 
reaction, which further improves the ethanol yield by suppressing CO2 formation[22].  
1.7 Rationale for studying carbide formation on Co-based catalysts 
The formation of ethanol and higher oxygenates is based on the CO insertion 
mechanism. During the reaction a linearly adsorbed CO is inserted to the alkyl groups 
adsorbed on the surface. The (CxHyCO)ads intermediate is subsequently hydrogenated 
to form ethanol, acetaldehyde and other higher oxygenates. The rate-limiting step in the 
mechanism is the insertion of CO. Cobalt is responsible for the dissociation of CO, as is 
confirmed in Fischer-Tropsch synthesis [12, 23].  The proposed active sites for linearly 
CO adsorption and CO insertion are: (1) Cu, Pd or other promoters (2) copper-cobalt 
metal alloy and (3) cobalt carbide [24-26]. Among all these sites, cobalt carbide is 
relatively easier to form from Co0 or CoO, and the cobalt carbide formed in the reaction 
has close proximity with metallic cobalt, enabling the insertion of the linearly adsorbed 
CO to methyl or other alkyl group. This study focuses on the formation and the effect of 
cobalt carbide in Co-based catalysts for CO hydrogenation to ethanol and higher 
oxygenate reaction. Furthermore, a novel catalyst is developed to coordinate the Co-
based catalyst for higher ethanol+higher oxygenate selectivity.  
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1.8 Outline of the Dissertation 
Chapter 2 is a literature review of the published journal papers and books dealing 
with catalytic conversion of syngas for higher oxygenates synthesis. The background of 
the study, reaction mechanism as well as the promoters and supports that are used in 
this reaction are discussed in this chapter. 
Chapter 3 and Chapter 4 are the published peer-reviewed journal papers that the 
author has up to now. Chapter 3 discusses the effect of promoters of cobalt-copper 
based catalysts. The effect of promoters are investigated by various characterization 
techniques including temperature programmed reduction (TPR), X-ray photoelectron 
spectroscopy (XPS), and in-situ X-ray diffraction (XRD). Chapter 4 is published on 
Journal of Catalysis. The paper deals with the effect of lanthanum to the cobalt and 
cobalt-copper catalysts for higher oxygenate synthesis. The catalysts were tested by in-
situ DRIFTS measurement to study the adsorption of CO on the active sites of the 
catalysts.  
Chapter 5 summarizes the synthesis and characterization of a bulk Co2C catalyst 
for higher oxygenate synthesis. The catalyst was examined by X-ray absorption near 
edge structure (XANES) to study the formation and the role of cobalt carbide in higher 
oxygenate synthesis. Chapter 6 is a novel study on synthesizing cobalt based catalysts 
for higher oxygenate synthesis. The catalysts were synthesized by unconventional 
method called “Metal organic framework-mediated synthesis method”.  
Chapter 7 is a CO hydrogenation study on an iron-based catalyst for producing 
Fischer-Tropsch hydrocarbons. Although the catalyst composition is different from 
Chapter 3-5, this chapter provided an applied study of using REAL biomass-derived 
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syngas for CO hydrogenation reaction to produce liquid fuels. The idea can be adapted 
in the future to use biomass-derived syngas for higher oxygenates synthesis.  
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Chapter 2 Literature Review of Cobalt-based Catalysts for Conversion 
of Biomass-derived Syngas to Ethanol and Higher Oxygenates 
2.1 Introduction 
C2+ alcohols and oxygenates are considered as potential alternatives for fossil 
fuels. In fact, ethanol and higher alcohols are already used as fuel additives, or as 
hydrogen carriers for fuel cells. Ethanol and higher oxygenates are also the feedstock 
for detergents, lubricants and other chemicals [1, 2]. Conventionally, ethanol is 
produced by either fermentation of sugars and starch, or hydration of petroleum-based 
ethylene. However, the fermentation route is not suitable for cellulose fibers and waste 
derived from inexpensive biomass feedstock such as pine wood chips or agricultural 
residual, and it involves energy intensive distillation steps to separate and purify 
alcohols [2, 4]. Ethylene hydration, on the other hand, is unattractive for large-scale 
production of ethanol because of rising crude oil prices. Recent developments on 
synthesizing terminal C2+ oxygenates are focused on the hydroformylation of C2+ 1-
alkenes, and the alcohols are produced by the further hydrogenation of the Cn+1 
aldehydes[5]. However, due to the Markovnikov’s rule, the proton tends to bond to the 
less substituted carbon, making it difficult to obtain terminal C2+ alcohols. Homogeneous 
catalysts are also developed for alcohols syntheses from 1-alkenes using one-pot 
hydroformylation and hydrogenation, yet this process is not expected for 
commercialization soon due to the difficulty in recovering the noble metals in the 
homogeneous catalysts[6]. Therefore, CO hydrogenation for the production of ethanol 
and higher oxygenates may be a promising technology for mass production in the 
future. Syngas, or synthetic gas, is the main feedstock for industrial CO hydrogenation 
processes, such as Fischer-Tropsch Synthesis, methanol synthesis, or higher alcohols 
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synthesis[7]. Syngas can be derived from various sources, including natural gas, coal 
and biomass. Moreover, almost any hydrocarbon feedstock can be converted to syngas 
by reforming or partial oxidation. Biomass-derived syngas is a product of biomass 
gasification, which is an applied process for electricity generation. Therefore, catalytic 
conversion of biomass-derived syngas to ethanol and higher oxygenates is proposed to 
be an energy-efficient way because of its accessibility to numerous feedstocks and its 
independence of crude oil [8].  
2.2 Historical Context and Current Status  
Due to the oil embargo in the 1970s, the research and development of higher 
alcohol synthesis (HAS) drew much interest as gasoline blends or alternative fuels. A 
large number of literature and patents on HAS catalysts were published at that time. 
The most distinguished catalysts are the rhodium-based catalysts developed by Union 
Carbide, the copper-zinc-based catalysts designed by Süd-Chemie, the copper-cobalt-
based catalyst by the Institut Francais du Petrole (IFP), and the molybdenum-based 
catalysts by DOW Chemical [3, 9-11]. The development of HAS catalysts seized in the 
1980s because of the decrease of gasoline prices. Besides, only a few of the HAS 
processes progressed to the pilot-scale stage, while none of the HAS catalysts were 
used for commercialized scale production. 
Currently there are four categories of catalysts used for higher alcohol synthesis: 
(1) Noble Metals-based catalysts, (2) Modified methanol synthesis catalysts based on 
Cu, (3) Modified Fischer-Tropsch catalysts based on Co, Fe and Ru, and (4) Modified 
Mo-based catalysts. Rh and other Noble metals-based catalysts achieve high selectivity 
to higher alcohols, as the highest selectivity to ethanol ranges from 35% to 50% [12-14]. 
12 
 
However the high cost of noble metals, and the insufficient ethanol yield limited the 
commercial use of these catalysts. The annual production of Rhodium is only 30 tonnes, 
and 80% of which is used in the three-way catalytic converters in automobiles, hence 
replacing high-cost catalysts with inexpensive monometallic or bimetallic catalysts have 
been evaluated for the commercialization of HAS. Researchers also focused on 
studying the effect of promoters, supports, structure, and particle sizes on the 
performance of the catalysts. Reaction conditions is also a significant factor for alcohol 
production, regardless of the type of catalysts. A comprehensive review of other types 
of catalysts can be found elsewhere [8, 15-17]. This thesis will focus on using the 
cobalt-based catalysts for a modified Fischer-Tropsch process to produce ethanol and 
higher oxygenates. 
2.3 Mechanism of higher oxygenate synthesis over cobalt-based catalysts 
 A rough outline of the mechanism of higher alcohol synthesis over modified 
Fischer-Tropsch catalysts is shown in Figure 2.1[2, 15, 18]. In this mechanism, CO is 
dissociated on the surface, forming the adsorbed C* and O* species. Hydrogenation of 
the C* produces methyl, and these methyl groups can grow into longer chain alkyl 
groups following the chain-growth mechanism[19]. A C1 oxygenated species, 
predominately CO, is inserted into the Cn alkyl and provide a CnHzCO intermediate, 
which could be subsequently hydrogenated into aldehydes, alcohols or even esters. 
This mechanism is supported by kinetic studies and probe molecule experiments. Xu et 
al. [3] found that Cn hydrocarbons and Cn+1 alcohols share the same chain-growth 
probabilities, indicating that the Cn alkyl groups are the precursors for both 
hydrocarbons and alcohols. The oxygenate distribution is dominated by terminal  
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alcohols, which proves CO is inserted into the terminal carbon of the alkyl group. Yang 
et al. [18] used n-butanol as probe molecules to study the reaction network in HAS 
Figure 2.1 Scheme for the production of higher alcohols from syngas 
[3]. Reprinted with permission from X. Xiaoding, E.B.M. Doesburg, 
J.J.F. Scholten, Synthesis of higher alcohols from syngas - recently 
patented catalysts and tentative ideas on the mechanism, Catalysis 
Today, 2 (1987) 125-170. With permission from Elsevier. 
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experiments. The n-butanol as probe molecules reacted with alkyl groups and directly 
formed butyl esters. They found that the chain propagation factors of the esters and 
alcohols formed in the reaction are close to each other. Therefore, they claim that the 
CO insertion mechanism is more plausible on modified FT catalysts than other 
mechanisms, such as hydroxyl insertion [17] or methanol bimolecular reaction [20].  
Figure 2.1 also showed several side products that are inevitably produced in this 
mechanism. Methane, the most thermodynamically favored product, is inevitably formed 
from the methyl hydrogenation in the reaction [21]. Hydrogenation of linear adsorbed 
CO leads to methanol. The alkyl groups can be further hydrogenated to terminate the 
chain growth and form alkanes following a typical Fischer-Tropsch mechanism [22]. 
Alkanes can be further dehydrogenated to form olefins. Water is produced in the 
reaction via the hydrogenation of O*. The water-gas shift reaction yields CO2.  
2.4 Active sites 
As is described in the mechanism for higher alcohol synthesis on modified 
Fischer-Tropsch catalysts, the formation of higher oxygenates, including alcohols and 
aldehydes, requires two types of active sites: one site functions for the dissociation of 
CO and chain growth to form alkyl (M1 site), and the other site functions for the 
associative adsorption of CO and the insertion of the adsorbed CO to alkyl (M2 site). 
After the insertion, the CnHzCO is adsorbed on the non-dissociative site, and this 
intermediate is attacked by H* to form aldehydes and alcohols. The dual-sites model is 
adapted by researchers, as they synthesized various bimetallic catalysts that contain 
one typical FT metal as M1 site, and another metal that is capable for CO insertion as M2 
site, such as Cu, Pd, Cr, etc. [23-27]. These two types of sites in the bimetallic catalysts 
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have to be in close proximity to allow for the CO insertion into alkyl. Therefore, various 
models and corresponding synthesis methods are proposed to achieve the adjacency 
between the two metals. For instance, in an early study [28] a cobalt-copper shell was 
synthesized, with cobalt as the core and copper dominating the surface composition. 
Copper shell sintered during the reduction/reaction, thus, the cobalt core emerged and 
dissociate CO molecules, creating alkyl groups for CO insertion. The core-shell 
structure was adapted by Subramanian et al. [16], who used a wet-chemical method to 
synthesize two types of Co-Cu nanoparticles: a Co core/Cu shell nanoparticle and a 
Co/Cu mixed nanoparticle. Core/shell structure is more active in CO hydrogenation, but 
the selectivity to ethanol was higher on mixed Co/Cu nanoparticles, presumably due to 
better adjacency between the two metals. Some authors [28-30]report that a synergistic 
interaction between cobalt and a metal that does not dissociate CO are necessary for 
higher alcohol formation. Courty et al.[31] propose that the active sites in copper cobalt 
system are metallic cobalt-copper alloy. Prieto et al.[32] claim that the active sites are 
cobalt-copper alloy nanocrystals and the selectivity of higher alcohols varies with cobalt-
copper ratio. Mouaddib et al. [33] state that cobalt and copper atoms with close 
proximity yield higher alcohols, while alloying of the two metals are not necessary. 
Xiang et al.[34] state that bulk Co-Cu bimetallic alloys do not exist since both metals 
show low solubility (a maximum of 9 atom % from phase diagrams). Moreover, they 
synthesized a cobalt core and copper shell catalyst and observed considerable cobalt 
segregation during the activation and reaction steps.   
However, currently the main disagreement in catalyst design and synthesis is 
concentrated on the site that is responsible for the non-dissociative adsorption of CO. 
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CO adsorbed on copper is thermally unstable at 200 °C, while the CO hydrogenation 
reaction is usually carried out above 250°C[24, 35, 36]. This implies that associatively 
adsorbed CO on copper has limited participation in CO insertion and ethanol formation. 
In another study, Blanchard et al. [37] proposed that higher oxygenates could be 
synthesized over a Co-Al2O3 catalyst, which has no copper or other metal that was 
thought to be capable for CO insertion. The purpose of Cu in the bimetallic catalysts 
mentioned above is to moderate the CO hydrogenation activity of cobalt in order to 
inhibit hydrocarbon formation, as copper-cobalt catalysts have lower conversion for 
alcohol synthesis than cobalt catalysts [38].  
Other researchers believed cobalt cations [24, 38] or cobalt carbide, served as 
the CO insertion site. Xiang et al.[34, 39, 40] synthesized a series of cobalt core and 
copper shell catalyst promoted by Mn or Mo. Major physical and chemical 
reconstructions were observed during activation and reaction, and the surface cobalt is 
in a Co2C phase with higher oxidation state.  Jiao et al.[41] characterized a spent 
activated carbon-supported La-promoted Co catalyst by X-ray diffraction. They 
observed apparent peaks attributed to Co2C, and the intensities of the Co2C diffraction 
peaks increased with the La loading on the catalyst, which implies that La favored the 
formation of Co2C species. Pei et al.    [42] studied a bulk Co2C catalyst for higher 
alcohol synthesis. They claim that the activity and selectivity of the Co2C catalysts is 
closely related with surface Co0 and Co2C, and tuning the ratio of surface Co0 and Co2C 
will affect catalyst activity and selectivity towards hydrocarbons and alcohols. Volkova et 
al.[43] proposed that copper promotes the formation of cobalt carbide by alloying with 
cobalt. A detailed discussion about Co2C is given below. 
17 
 
2.5 Cobalt Carbide promotion in higher alcohols synthesis 
The temperature for CO hydrogenation reaction usually falls within the range for 
cobalt carbide formation. For the Fischer-Tropsch reaction on cobalt-based catalyst, the 
formation of cobalt carbide is considered as a sign of deactivation[44] since the active 
component on FTS cobalt catalysts is usually considered to be metallic cobalt. Co2C 
particles are considered inactive for CO dissociation. The formation of Co2C leads to 
decreased number of Co0 particles that are capable of CO dissociation[45]. Therefore, 
CO dissociation is suppressed and FT synthesis activity decreases as Co2C are formed 
on the surface. It was also found that the cobalt carbides are unstable, which can easily 
decompose into metallic cobalt and polymeric carbon, thus, they are rarely observed by 
ex-situ techniques [46-48]. The presence of surface carbon from dissociation of CO may 
play an important role in the formation of metastable Co2C structure [49, 50]. Further 
characterizations [46, 51, 52] correlate the carbide formation with the reduced cobalt 
phase structure and with the nature of support. 
In some studies, Co2C is identified as active species in the formation of higher 
alcohol synthesis. Co2C is able to activate CO without rupture and insert CO into 
(CHx)ads  species that lead to higher alcohols[43]. Lebarbier et al.[45] presented a 
combined theoretical and experimental study of the mixed higher alcohols synthesis 
from syngas using La2O3 promoted cobalt catalysts. According to experimental 
characterizations, Co exists in both metallic form and carbide phase, and the amount of 
Co2C greatly depends on the presence of Lanthanum. In their experimental reactivity 
studies, they noted that a slight increase in the alcohol selectivity is observed for the 
sample presenting highest Co2C/Co0 ratio. Theoretical mechanistic studies indicate that 
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hydrocarbon chain growth on Co0 is more energetically favorable than on Co2C and 
growth of oxygenates is more favorable on Co2C by coupling CO and CHx to form a C-C 
bond (CHx + CO→CHxCO). Thus, they proposed that Co2C is the structural component 
that determines the selectivity toward alcohols.  
Recently Gnanamani et al. [53]presented a study on Ce-containing Cobalt 
catalysts for Fischer-Tropsch synthesis. Catalysts that undertook different reaction time 
of Fischer-Tropsch synthesis was withdrawn and examined by XRD, EXAFS and HR-
TEM. The samples withdrawn after 134 h of reaction showed diffraction peaks which 
corresponds to Co2C phase, and the intensity of these Co2C peaks increased as a 
function of time-on-stream. XANES and EXAFS measurement of the catalysts after 150-
300 h of reaction also detected a small peak at lower distance of the Co-Co metal 
coordination, which resembles the EXAFS spectra for Co2C standards. Thus, they claim 
that cobalt metal is partially transformed into a carbide phase under the CO 
hydrogenation reaction at 230 °C. The selectivity to oxygenates in FT synthesis also 
showed a threefold increase after 300 h of reaction. Therefore, they conclude that 
cobalt carbide played a significant role in oxygenate formation. Co2C affected the 
adsorption behavior of CO on the surface, enhanced the possibility of CO inserted to 
the metal-alkyl bond and terminated the chain growth to form oxygenates instead of 
hydrocarbons. 
2.6 Catalyst synthesis and morphology  
The synthesis method and catalyst treatment greatly affects the performance of 
the catalysts toward higher oxygenates selectivity. In general, the cobalt-based 
catalysts are synthesized using conventional methods, such as impregnation or 
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coprecipitation. Nevertheless, the parameters and conditions used during the synthesis 
are investigated frequently, with various papers dealing with the effect of synthesis 
methods and treatment conditions [54-58]. For instance, the higher selectivity to 
oxygenates was found to be higher on a cobalt-copper co-impregnated into SiO2 
catalyst than the catalyst with the same composition but impregnated copper and cobalt 
separately [59]. Thermal treatments during the synthesis also considerably influence the 
properties of the catalysts. Prieto et al.[60] studied the effect of calcination atmosphere 
and calcination temperature on a Co/SiO2 catalyst for CO hydrogenation. Calcination in 
air flow led to larger cobalt oxide crystallites, and the increase of temperature from 573K 
to 823K results in the decrease of the low-coordination Co2+ sites and a higher degree 
of cation disorder in the spinel structure. As a result, the reduction is easier for catalysts 
with higher cation disorder (i.e. at higher temperature). They also prepared a catalyst 
that was not calcined, but directly activated in hydrogen/helium flow. The catalyst 
activated by direct-reduction yields a threefold higher TOF than the calcined then 
reduced samples. However, as reported by other authors, the catalysts show reduced 
activity and oxygenate selectivity when the calcination temperature is too high, as high 
temperature causes reduced surface area of active metals, and the oxygenate-
producing sites can be destroyed due to high temperature [61-63]. 
Catalyst development using novel methods is extensively investigated over 
recent decades. The development of cobalt CO hydrogenation catalysts using novel 
preparation methods can essentially reduce crystallite sizes, control the morphology 
and structure of the catalysts, and improve the adjacency of the two sites required for 
higher alcohol synthesis. These are the ultimate goals to achieve a catalyst with high 
20 
 
yield to higher oxygenates. Thus, various nonconventional catalysts are synthesized 
and used for higher alcohol synthesis to further improve the catalyst performance. For 
instance, microemulsion method creates a localized reaction environment to synthesize 
fine particles. The use of surfactants provide an aqueous phase containing the salt that 
can convert to ultrafine particles [64, 65]. In addition, bimetallic catalysts synthesized by 
microemulsion contains mixed Co(OH)2 and Cu(OH)2 particles[66], which are the 
precursors that can be calcined and reduced to create the cobalt-copper alloy for CO 
non-dissociative adsorption. The hydrophilic core in microemulsion can be modified by 
hydrophobic nanoparticles to create core/shell structures [67-69].  
Lv et al. [70]combined sol-gel method and incipient wetness impregnation to 
prepare a series of active-carbon supported K promoted Co-Mo catalysts. The K-Co-Mo 
sol is prepared by precipitating cobalt and molybdenum salts with NH3·H2O in aqueous 
solution. Then the citric acid was added to dissolve the precipitates and form the sol 
[71]. The Co-Mo sol is impregnated into activated carbon, and the precursor was 
calcined in N2 at 400 °C for 4h. The unconventional sol-gel method led to high 
dispersion of metals and a uniform distribution onto the mesoporous Activated carbon 
support. The C2+ alcohol content on supported Co-Mo catalysts increased significantly. 
They claim that the high alcohol selectivity is due to the prolonged residence time of the 
intermediates in the pores of the support. 
Another unconventional method to prepare higher oxygenate synthesis catalyst 
is the electrochemical method. For example, Xu et al. [72] performed the glow discharge 
plasma treatment on an incipient impregnated Cu-Co/ γAl2O3 catalyst. The plasma 
treatment created more uniform and disperse cobalt and copper particles, so the CO 
21 
 
adsorption is considerably enhanced than conventional catalysts created by incipient 
wetness impregnation alone. The plasma-treated catalyst had 41.9% higher conversion 
comparing with conventional sample, and the yield to alcohols has increased. Similar 
treatments were utilized on coprecipitated Cu-Co catalysts and the results were 
compared with conventional coprecipitated catalysts. The glow discharge plasma 
treatment results in higher surface area and improved dispersion, with more active 
metal sites enriched on the surface. In the performance test, treated catalysts showed 
higher conversion and increased alcohol yield[73]. 
Recently metal organic frameworks (MOFs) are being investigated to synthesize 
nanoparticles, as they show unique morphology and textural properties, and high metal 
dispersion at atomic level [74-78]. The MOFs are used for different purposes, including 
electrode materials [77], energy storage [76] and gas adsorption/separation [79, 80]. 
MOFs are also used as precursors for catalysts due to their superior stability and high 
metal dispersion. Santos et al. [81] synthesized an iron catalyst with high dispersion , 
which is embedded in a porous carbon matrix. The catalyst was prepared by direct 
pyrolysis of Basolite F300 (Fe(BTC), formula C9H3FeO6, ), a metal organic framework 
that is consist of Fe3+ and 1,3,5-benzenetricarboxylate (BTC)[82]. Basolite F300 was 
calcined at 500 °C for 8h. Thus, Fe nanoparticles were synthesized and confined within 
microporous carbon matrix. The MOF-mediated synthesis method creates catalysts with 
high iron loadings (> 40 wt %) while the dispersion of the active Fe3C phase was 
preserved during the reaction. The formation of large iron particles, as shown in 
conventional coprecipitation or impregnation synthesis methods, is avoided. Carbon 
matrix confined the iron carbides, and served as carbon source for the formation of 
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Fe3C in the reaction. Fischer-Tropsch reaction on the catalyst showed high conversion 
and steady performance. Although MOF-mediated synthesis is not yet reported to 
prepare cobalt-based catalysts, the method can be adapted to provide highly dispersed 
and stable cobalt nanoparticles for higher oxygenate synthesis. Moreover, carbon in the 
MOF precursor promotes the formation of cobalt carbide, creating more active sites for 
CO non-dissociative adsorption. Several cobalt MOFs [83-86] can be the precursor of 
the mediated synthesis, and some of the MOF are already commercialized, such as 
ZIF-67.  
Although the unconventional synthesis methods show advantages in improving 
catalyst dispersion and creating unique surface and bulk morphology, there are still 
limitations and disadvantages to replace the conventional methods. For example, 
generally synthesizing the catalysts require extensive use of organic solvents and 
surfactants. Recovering the nanoparticles from the solvents and surfactants need 
nonstandard methods, which are usually labor extensive. In addition, these novel 
methods yield much less amount of catalysts than conventional methods. The novel 
catalysts usually provide a few hundred milligrams at one time. In such manner, 
studying the effect of reaction conditions, the choice of promoters, and the fundamental 
reaction mechanisms seem to be more realistic for large scale higher alcohol synthesis. 
2.7 Supports and Promoters    
The choice of promoting material and supports greatly affects the reduction and 
reaction performance of cobalt based catalysts. The supports stabilize the active 
species, adjust the surface acidity/basicity and modify the catalyst dispersion. Mouaddib 
et al. [33, 87]claim that for the cobalt-copper catalysts promoted with metal oxides, total 
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or nearly complete reduction of cobalt are obtained on ZrO2, TiO2, La2O3 and CeO2 
supports, while on MgO and SiO2 supports only partial reduction is observed, which is 
not desirable since reduced metal is the prerequisite for CO hydrogenation . CO 
hydrogenation activity test shows that MgO supported catalysts encourage methanol 
formation; those on TiO2, CeO2 lead to hydrocarbons; and those on SiO2 and ZrO2 
show marked improvement in selectivity to higher alcohols. In contrast, Stiles et al.[26] 
reported that CeO2, SiO2, ZrO2, and TiO2 as ingredients in coprecipitated copper-cobalt 
catalysts all increase methanation, while only CeO2 and ZrO2 also increase the fraction 
of higher alcohols.  
Alkali metals are the most commonly used promoters for cobalt-based HAS 
catalysts. Alkali promoters play an important role in enhancing the activity and 
selectivity of the catalysts. Basic promoters in the catalyst neutralize the surface acidity 
and suppress side reactions such as isomerization and coke deposition.  Alkali 
promoters are also found to increase the chain growth probability of hydrocarbons and 
alcohols [88, 89]. The addition of alkali usually result in decreased activity because 
alkali promoters block the active sites that adsorb CO dissociatively. Thus, the catalyst 
favors non-dissociative adsorption of CO and the formation of higher oxygenate, rather 
than hydrocarbons, is preferred on the surface. The promoting effect of these alkali 
metals follows exact the same order of their basicity: Li < Na < K < Cs < Rb [2]. 
Considering the price of these metals, Na and K are the ideal promoters for higher 
oxygenate synthesis catalysts. 
Supports and promoters also influence cobalt phase formations in pretreatment 
or reaction conditions. For instance, ZrO2 increases cobalt reducibility and inhibits 
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carbide formation, maintaining cobalt in metallic form during reaction, and improve 
cobalt catalyst performance with high activity and stability[90]. La2O3 is thought to be 
responsible of decreasing the particle size of cobalt and promoting carbide formations in 
Co FT catalysts, hence stabilizing Co2+ in the catalyst during CO hydrogenation. From 
in-situ analysis, Lebarbier et al.[45] observed higher Co2C/Co0 ratios in La-promoted 
cobalt catalyst, and consequently higher selectivity to alcohols in CO hydrogenation 
reaction. Jiao et al.[41] characterized a spent activated carbon-supported La-promoted 
Co catalyst by X-ray diffraction. They observed apparent peaks attributed to Co2C, and 
the intensities of the Co2C diffraction peaks increased with the La loading on the 
catalyst, which implies that La favored the formation of Co2C species.  
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Chapter 3 Effect of ZrO2, Al2O3 and La2O3 as Structural Promoters on 
Cobalt-copper Catalysts for Higher Alcohols Synthesis1 
3.1 Introduction 
Increasing demand has focused on renewable and environmentally benign 
energy sources for the catalytic conversion of biomass-, natural gas-, and coal-derived 
syngas to liquid fuel. An alternative to producing long-chain hydrocarbon products via 
Fischer-Tropsch (FT) synthesis is the conversion of syngas into more valuable higher 
alcohols. These higher carbon-number alcohols can be used as hydrogen carriers for 
fuel cells, or as additives directly blended into gasoline [1, 2]. However, additional 
research is required before extrapolating lab-scale studies to industry-level application. 
Currently, it is difficult to commercialize this process due to relatively low activity, yield 
and stability of the catalysts. Rh-based catalysts have shown high yield to higher 
alcohols in CO hydrogenation, with net yields typically ranging from 10-20% [3-6].  
However, the relatively high price of these catalysts has limited the development of 
more practical processes [7]. Among all the non-noble metal based catalysts, cobalt-
copper modified Fischer Tropsch catalysts are promising substitutes for noble metal-
based catalysts [8-11].  
Recent studies have shown that promoters can increase the selectivity of Co-Cu 
catalysts to oxygenates. The Institut Francais du Petrole (IFP) filed a number of patents 
on the development of cobalt-copper based modified Fischer Tropsch catalysts for 
higher alcohols synthesis [8, 12-16]. Under moderate operating conditions, the 
selectivity to higher alcohols ranged from 20% to 70%. The ethanol yield over Cu-Co-
based catalysts ranged from 100 to 300 mg/(gcat⋅h), suggesting commercial interest in 
                                            
1 Reprinted from Z. Wang, J. J. Spivey, Applied Catalysis A: General 2015, 507, 75-81. With permission 
from Elseview 
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these catalysts. Following the IFP work, a wide range of studies on Co-Cu bimetallic 
catalysts are reported to further increase the selectivity to higher alcohols [10, 17, 18]. 
Researchers correlate the activity and selectivity of the catalysts with the type of 
synthesis method, the alkali promoters used, and physicochemical properties of the 
catalysts such as metal particle sizes, dispersions, and the atomic proximity of cobalt 
and copper. 
Specifically, metal oxide promoters such as ZrO2, La2O3 and Al2O3 greatly affect 
the reduction and product selectivity of cobalt-copper-based catalysts.  For instance, 
ZrO2 assists the reduction of Co2+ species to metallic cobalt for CO hydrogenation, and 
ZrO2 promoted catalysts show increased selectivity to ethanol[19]. According to 
Lebarbier et al.[20] , La2O3-supported cobalt catalyst reached almost complete cobalt 
reduction after H2 treatment, and cobalt dispersion on La2O3-supported catalyst was 
higher than those on activated carbon and Al2O3. Alumina-supported cobalt FT catalysts 
show greater stability, high activity and strong metal-support interactions comparing with 
TiO2 and MgO [21, 22]. A study of alumina-supported copper-cobalt bimetallic catalysts 
for CO hydrogenation by Wang et al.[23] reported increased interaction between cobalt 
and copper particles on a γ-Al2O3 supported catalyst compared with unpromoted 
catalysts, which improved the selectivity of the catalysts to higher alcohols. Past work 
shows that the choice of the metal oxide promoters greatly influences catalyst 
morphology, cobalt-copper interaction, and reduction or reaction performance. These 
metal oxides also promote cobalt copper catalysts in activity and selectivity to ethanol 
and other oxygenates. 
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Therefore, the purpose of this work is to study zirconia, alumina and lanthana as 
metal oxide promoters for cobalt-copper higher alcohols synthesis catalysts. In the 
present study, cobalt and copper salts are coprecipitated with the third metal salt (Zr, Al 
or La) to synthesize three promoted catalysts, denoted as CuCoZrO2, CuCoAl2O3, and 
CuCoLa2O3. Coprecipitated metal oxides serve as supports to maintain highly dispersed 
metal clusters that contain both cobalt and copper particles. The promoting effects of 
these metal oxides are measured by H2 Temperature-Programmed Reduction, X-Ray 
Diffraction, X-Ray Photoelectron Spectroscopy, BET surface area, and CO 
hydrogenation activity studies. The aim of this study is to directly compare the 
promoting effects of the metal oxides on the activity, selectivity, and stability of these 
catalysts for higher alcohols synthesis. 
3.2 Experimental 
3.2.1 Catalyst Preparation 
Catalysts were prepared by pH-coprecipitation method. In the coprecipitation 
method, cobalt nitrate, copper nitrate and corresponding metal salts (Al(NO)3 •9H2O, 
ZrO(NO3)2, or La(NO3)3•6H2O) were dissolved together in deionized water. The molar 
ratio of Cu nitrite to Co nitrite to metal salts was kept at 2:2:1. The solution were titrated 
to 100ml water under magnetic stirring at 80°C. Meanwhile, a solution of ammonia 
carbonate was titrated in order to maintain the pH at 7.00 ±0.2. After the titration, the 
solution was aged at room temperature for 6 hours, then the solid was recovered by 
washing and filtration. Collected precipitates were dried at 90 °C for 24 hours, then 
calcined at 500°C for 3h under air flow. The samples are denoted as CuCoAl2O3, 
CuCoLa2O3 and CuCoZrO2 to demonstrate the promoters used in the catalysts. 
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3.2.2 Composition and Surface Area 
The compositions of the calcined catalysts were determined by inductively 
coupled plasma optical emission spectrometry (ICP-OES) method using a Perkin Elmer 
2000 DV ICP-optical emission spectrometer.  
BET surface area of freshly calcined catalyst were determined by N2 adsorption 
at -196°C.  Prior to analysis, the samples were treated in helium flow at 150°C for 30 
minutes to remove the moisture. A flow BET procedure using N2 concentrations of 10%, 
20%, and 30% in a He carrier was used in an Altamira AMI-200 system.   
3.2.3 Hydrogen Temperature Programmed Reduction (H2-TPR) 
H2-TPR was done on 50mg of calcined catalyst in an Altamira AMI-200 system. 
50mg of calcined catalysts were pretreated in Helium flow at 150°C for 30 min to 
remove moisture.  Reducing gas of 50 sccm 10% H2/Ar flowed through the reactor as 
the temperature increased at 5°C/min to 550°C.  A thermal conductivity detector (TCD) 
monitored the consumption of H2.  A calibration using TPRs of 20, 35 and 50 mg Ag2O 
allowed quantitative analysis of hydrogen uptake by the catalysts. 
3.2.4 In situ X-Ray Diffraction (XRD) 
XRD measurements of the catalysts were done at the Center for Nanophase 
Materials Science at Oak Ridge National Laboratory. Catalyst Samples were loaded into 
an Anton Paar XRK900 reactor chamber. A 4% H2/He gas was flowed through the 
chamber to conduct the reduction process, and a PANalytical X’Pert Pro MPD 
diffractometer with Cu Kα radiation (λ=0.15406 nm) was used to record XRD patterns at 
different temperatures. The spectra were collected from 15° to 70° with a step size of 
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0.0167°. X’pert HighScore Plus were used to identify phases by the Search & Match 
feature. 
3.2.5 X-Ray Photoelectron Spectroscopy (XPS) 
XPS experiments on calcined catalysts were performed on a Kratos AXIS 165 X-
Ray Photoelectron Spectrometer using monochromatic Al Kα1 radiation (hν = 1486.6 
eV, intrinsic linewidth 0.3 eV). The pressure in the analysis chamber was kept between 
10-8 and 10-9 Torr during the experiments. Survey spectra with a pass energy of 160 eV 
were taken on each sample prior to the measurement to check correct sample 
alignment. High resolution scans of Co 2p, Cu 2p, C 1s, O 1s, Al 2p, La 3d and Zr 3d 
were recorded with a pass energy of 40 eV. C 1s peak at 284.8 eV were used as known 
standard to calibrate binding energy scale. 
3.2.6 Reaction Studies 
Reactions were carried out in an Altamira AMI-200R-HP system equipped with a 
1/4-in. glass-lined stainless steel reactor tube. 50 mg of calcined sample was reduced in 
a mixture of H2 and He for 3 hours at a standard temperature 400°C.  After reduction, 
the reactor was cooled to room temperature in He, then pressurized to 30 bar and 
heated to 250°C. At this point, He is switched by a simulated-syngas flow (space 
velocity=36000 scc/gcat/h, H2/CO=2). Products were analyzed in a Shimadzu GC2014 
gas chromatograph with flame ionization and thermal conductivity detectors (FID and 
TCD). Reaction data was measured continuously until the results are steady.  
The reactions were carried out at differential conversion (CO conversion<3%).  
This minimizes deactivation as well as temperature and concentration gradients in the 
reactor.  This also eliminates the need to capture and analyze a liquid, integral sample 
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over extended periods of time, which does not measure any changes in the product 
composition with time.  
3.2.7 Temperature Programmed Oxidation (TPO) Coupled With Mass 
Spectroscopic Measurements on Used Catalysts 
After the reaction, the samples were purged in He for 30 minutes at 25°C. The 
reactor was then heated to 750°C at 15°C/min in 30 sccm 10% O2/He flow. The profiles 
of CO2 evolution ( m/z=44 ) were collected by an Ametek Quadrupole MS.    
3.3 Results and Discussion 
3.3.1 Composition and Surface Area 
ICP-OES Sample composition and BET surface area results are listed in Table 
3.1. CuCoAl2O3 showed the highest surface area (94.1 m2/g), while CuCoLa2O3 had the 
lowest surface area (49.7 m2/g). Bulk Co and Cu composition by ICP-OES are shown in 
Table 3.1. Note that the molar ratios of Co:Cu:Metal Oxides are intentionally kept as 
2:2:1 for all three catalysts. 
  
Table 3.1 Catalyst composition by ICP-OES and BET surface areaa 
Catalyst Composition (wt%) Cu/Co molar ratio  Surface Area m
2
/g 
Co  Cu 
CuCoAl2O3 26.6 32.0 1.11 94.1 
CuCoLa2O3 18.8 23.3 1.14 49.7 
CuCoZrO2 25.7 30.4 1.09 88.8 
a. The molar ratio of Cu:Co:Metal oxide(Al2O3, La2O3 and ZrO2)=2:2:1. 
 
3.3.2 TPR 
Temperature programmed reduction profiles obtained for the three catalysts are 
shown in Figure 3.1.   
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All three catalysts displayed similar reduction behavior between 185°C to 250°C. 
For CuCoZrO2, the first shoulder at ~190°C is attributed to reduction of CuO to Cu0. The 
peak at around 200°C and the shoulder at 230°C correspond to the two-step reduction 
of Co3O4 to CoO and CoO to Co0. CuCoAl2O3 has a similar reduction behavior.  The 
broad shoulder from 250°C to 350°C in both CuCoZrO2 and CuCoAl2O3 are due to the 
reduction of residual CoO to metallic cobalt.   
The CuCoLa2O3 reduction profile is somewhat different. Although the same 
reduction of copper at ~190°C is seen, the feature at 215°C shows an asymmetric peak 
for CuCoLa2O3, which can be assigned as the combination of Co3O4 to CoO and CoO 
to Co0 reduction.  The broad shoulder above 250°C, associated with the extended 
Figure 3.1 TPR results for CuCOZrO2, CuCoAl2O3 and CuCoLa2O3 from 70°C to 
550°C 
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reduction of cobalt due to less easily reduced cobalt for the Zr- and Al-promoted 
catalysts, is not seen on CuCoLa2O3. This is probably because of higher dispersion of 
Cu-Co particles and stronger interaction between cobalt and copper in La-promoted 
catalysts, consistent with the literature. The promoting effect of H2 reduction by 
hydrogen spillover mechanism associated with La2O3 has been reported on  lanthanum 
promoted cobalt catalysts before[20], therefore, the possibility that La2O3 promoted the 
reduction of cobalt in CuCoLa2O3 catalyst cannot be ruled out. 
 
Table 3.2 Quantitative H2 Consumption During TPRa 
Catalyst H2 consumed (µmol/g) 
Expected consumption 
(µmol/g) 
Metal reduced 
% 
CuCoAl2O3 291±6 314 92.7 ± 2.0 
CuCoLa2O3 235 ± 3 241 97.5 ± 1.2 
CuCoZrO2 294 ± 5 305 96.4 ± 1.6 
a. Errors in the H2 consumption values are within 95% confidence interval. 
 
Table 3.2 shows the experimental and expected hydrogen consumption during 
the TPR.  Reduction of cobalt and copper is essentially complete up to 250°C on all 
three promoted catalysts, with CuCoAl2O3 being slightly less reduced (92.7 ± 2.0) than 
for the other two (97.5 ± 1.2 and 96.4 ± 1.6). This is consistent with literature that ZrO2 
and La2O3 facilitate H2 reduction of cobalt and copper oxides, leading to more complete 
reduction of the CuCoZrO2 and the CuCoLa2O3 than the CuCoAl2O3 catalyst [9, 19].  
3.3.3 In situ X-ray Diffraction 
XRD patterns of the three catalysts during H2- reduction are shown in Figure 3.2. 
For CuCoAl2O3, the fresh, calcined catalyst include Co3O4 and CuO (Figure 3.2(a)). At 
200°C, the intensity of the peaks for Co3O4 and CuO had decreased, and metallic 
phases at 43.2° and 50.3° begin to appear. Meanwhile, a peak at 61.8° emerged, which 
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indicates the existence of a CoO phase was apparent at 300°C, but disappeared at 
400°C. Only metallic phases are present at 400°C.  
The results of the in-situ XRD combined with the TPR patterns clearly show that 
reduction of CuO starts at ~185°C. The expected reduction sequence of copper and 
cobalt oxides to reduced metals is apparent in the loss of the crystalline oxides and 
appearance of the reduced metals. The long shoulders from 250°C to 350°C in the 
CuCoZrO2 and CuCoAl2O3 that are seen in the TPR are not easily distinguished in the 
XRDs from the CuCoLa2O3. At 400°C, all three catalysts are fully reduced. Based on the 
width of the peaks of all three catalysts, copper clusters are more crystalline than cobalt 
clusters, which are quite amorphous.  
Table 3.3 XPS Binding Energies and Surface Composition Analysis 
Catalyst 
Binding Energies Cu/Co atomic 
ratio by XPS 
Cu/Co atomic 
ratio by ICP Cu 2p3/2 Co 2p3/2 
CuCoAl2O3 933.8 779.7 1.17 1.11 
CuCoLa2O3 933.6 779.5 1.23 1.14 
CuCoZrO2 933.6 779.8 1.09 1.09 
 
CuCoLa2O3 and CuCoZrO2 had reduction patterns similar to CuCoAl2O3. 
CuCoLa2O3 had a tilted background due to a higher dispersion of Co3O4 and CuO 
clusters (Figure 3.2(b)). This is consistent with the TPR results, which did not show a 
broad shoulder above ~250°C. CuCoZrO2 displayed minor CuO features below 200°C, 
which indicates the existence of both crystalline and amorphous copper oxide in the 
calcined catalyst. Significantly, there is no peak that could be directly attributed to cobalt 
aluminate or lanthanum cobalt oxides, but the possibility of forming cobalt-metal oxides 
in the catalysts cannot be ruled out.  
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Figure 3.2 Characterization on calcined CuCoAl2O3, CuCoLa2O3 and CuCoZrO2 
samples by XRD and XPS. (a) XRD patterns during reduction in 4% H2/He at indicated 
temperatures for CuCoAl2O3; (b) XRD patterns during reduction in 4% H2/He at 
indicated temperatures for CuCoLa2O3; (c) XRD patterns during reduction in 4% 
H2/He at indicated temperatures for CuCoZrO2; (d) XPS spectra of Co 2p region for 
CuCoAl2O3, CuCoLa2O3 and CuCoZrO2 sample (e) XPS spectra of Cu 2p region for 
CuCoAl2O3, CuCoLa2O3 and CuCoZrO2 sample. 
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3.3.4 XPS 
XPS studies of calcined samples were carried out in order to study the chemical 
state of the elements at catalyst surface, and determine surface metal compositions. 
The XPS spectra of the three fresh, calcined catalysts for Co (2p3/2) and Cu(2p3/2) are 
shown in Figure 3.2(d) and (e) respectively. Co 2p3/2 peak located at 779.3 eV for all 
three samples, which shows that cobalt is in the form of Co3O4 on the surface [18, 19]. 
The Cu 2p3/2 main peak is positioned at 933.6 eV with a shake-up satellite peak 
accompanied at 942 eV, thus copper ions on the surface for all three catalysts are in the 
form of CuO [24], as expected.  
Table 3.3 summarizes copper and cobalt binding energies of the samples 
surfaces. Surface and bulk Cu/Co atomic ratios calculated by XPS and ICP respectively 
are also shown in Table 3.3. Although CuCoAl2O3 and CuCoLa2O3 show slightly higher 
Cu/Co atomic ratio on the surface than in the bulk, these results indicate that all three 
samples are composed of relatively uniform particles with a constant atomic ratio of 
cobalt and copper. 
3.3.5 Catalyst Activity Test 
Figure 3.3 shows the CO conversion as a function of time-on-stream at 250°C 
and 30 bar.  Note that all CO conversions are intentionally kept at differential CO 
conversion (<3%) to avoid condensation (section 2.6).  
CuCoAl2O3 had highest activity under the above reaction conditions. While 
CuCoZrO2 and CuCoLa2O3 had much lower activity. CuCoAl2O3 and CuCoZrO2 slightly 
lost activity in the first two hours of reaction, then reaching near steady-state after 2~3 
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hours of operation. For CuCoLa2O3 catalyst, however, CO conversion decreased with 
time over the 9 hours of operation.  
 
Figure 3.4 shows the changes of product selectivity with time. For CuCoZrO2 and 
CuCoAl2O3, the selectivity to alcohols and C2+ products were relatively stable through 9 
hours of reaction, whereas methane selectivity slightly increased with time. 
Nevertheless, CuCoLa2O3 displays more significant changes of the selectivity to C2+ 
products. The most striking fact is the increase of methanol and ethanol selectivity at 
250°C with time. At this temperature, the selectivity to ethanol increased from 6.5 % to 
10.5 % and the selectivity to methanol had increased from 5% to 16.9% after 9 hours on 
stream. The increased alcohols selectivity is associated with a small decrease of ethane 
and propane selectivity.   
Figure 3.3 CO conversion as a function of time on stream of CuCoLa2O3, CuCoZrO2 & 
CuCoAl2O3 at 250 oC , 30 bar, and GHSV=36000 scc/gcat/h. 
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 CuCoLa2O3 shows increased selectivity of methanol and decreased selectivity of 
methane with time. Methane is synthesized from dissociated CO while methanol is 
formed from associatively adsorbed CO [25]. Therefore, the increase of methane and 
the decrease of methanol selectivity indicate the increase of associatively adsorbed CO 
and the decrease of dissociatively adsorbed CO with time.   
The product selectivity distribution for the three catalysts over 9 hr time-on-
stream is shown in Table 3.4. At 250°C, CuCoLa2O3 catalyst showed highest selectivity 
to ethanol among the three catalysts, CuCoZrO2 and CuCoAl2O3 had similar selectivity 
toward ethanol, C2+ oxygenates and C2+ hydrocarbons. Table 3.4 shows that 
CuCoLa2O3 is less selective to C2+ hydrocarbons, which means Fischer Tropsch 
synthesis in the reaction is inhibited on CuCoLa2O3, leading to higher methanol and 
ethanol selectivity of CuCoLa2O3 catalyst. In general, CuCoAl2O3 has properties very 
similar to traditional Fischer-Tropsch catalysts, with a high selectivity to methane and 
C2+ hydrocarbons. CuCoZrO2 also favors C2+ hydrocarbons, but produces more C2+ 
oxygenates than CuCoAl2O3. This could be due to the reason that ZrO2 provide more 
basic sites than Al2O3, which suppress hydrocarbon selectivity and favor oxygenates 
formation[26].  
 
Table 3.4 Activity & Products Selectivity for CuCoAl2O3, CuCoLa2O3 and CuCoZrO2 at 
250 oC and 30 bar a 
Catalyst 
Carbon Selectivity CO 
Conversion 
(%) Methane Methanol Ethanol 
C3-6 
Oxygenates 
C2-6 
Hydrocarbon CO2 
CuCoAl2O3 35.63 5.02 5.66 2.38 26.06 23.25 1.93 
CuCoLa2O3 31.37 16.92 10.46 7.47 14.45 18.03 0.76 
CuCoZrO2 28.14 4.35 7.32 6.09 29.63 22.67 0.58 
a. Selectivity & CO conversion data were taken at steady state after 9 hours of reaction. 
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CuCoLa2O3  CuCoZrO2  
CuCoAl2O3  
Figure 3.4 Selectivity changes as a function of time on stream on CuCoLa2O3, CuCoZrO2 and CuCoAl2O3 during 
reaction at 250°C. 
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CuCoLa2O3 shows significantly greater selectivity to methanol and C2+ -
oxygenates than CuCoZrO2 or CuCoAl2O3.  There is a difference between the formation 
of methanol and C2+ oxygenates. Methanol is formed by the hydrogenation of 
associatively adsorbed CO, while C2+ oxygenates are formed by the hydrogenation of 
atomically adjacent sites, one of which is a CHx moiety produced from dissociatively 
adsorbed CO and one of which is formed by associatively adsorbed CO.  These two 
moieties then form the first C-C bond, from which C2+ oxygenates are produced[2, 27]. 
The relative rates of the formation of these two moieties produces the observed product 
selectivities----e.g. C2+ oxygenates. The relatively high methane selectivity is consistent 
with the mechanism in which hydrogenation of dissociatively adsorbed CO on cobalt 
sites is faster than C-C bond formation to C2+ oxygenates.   
 From characterization results, there are no major differences in reduction 
behavior and surface distribution among the three catalysts. This suggests that change 
of selectivity with time is due to reconstruction of the surface on the CuCoLa2O3 catalyst 
that produces sites favorable to alcohols—both methanol and C2+ oxygenates. Such 
surface reconstruction of cobalt-copper particles in the presence of syngas has been 
reported by Yizhi et al. [28], who showed major Co surface segregation of the Co-Cu 
particles took place during syngas exposure, and an “onion-like” graphitic carbon shell 
was observed on the particle surface. Lebarbier et al.[20] reported the effect of La2O3 on 
cobalt catalysts, claiming that exposure to CO leads to the formation of Co2C on the 
surface, thus Co exists in both metallic Co and Co2C phase. Reaction studies showed 
slightly increase in the alcohol selectivity was observed for the sample with highest 
Co2C/Co0 ratio on the surface. Furthermore, Volkova et al.[29] proposed that Co2C is 
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able to activate CO associatively and insert CO into (CHx)ads  species that lead to higher 
alcohols. On CuCoLa2O3 here (Figure 3.4), the selectivity to C2+ hydrocarbons 
decreases while methanation rate increases, which could be caused by the formation of 
surface carbon or Co2C[30]. The formation of carbon or cobalt carbide will decrease 
catalyst activity and increase methane selectivity [31, 32].  
Figure 3.5 shows the TPO results to measure any carbon deposition on used 
CuCoLa2O3, CuCoZrO2 and CuCoAl2O3 catalysts after 9 hours of reaction. The amount 
of carbon on the used CuCoZrO2 was much more than CuCoLa2O3 or CuCoAl2O3.  This 
clearly suggests that the relative low activity of the CuCoZrO2 is due to carbon 
deposition.  
 CuCoZrO2 and CuCoAl2O3 shows similar TPO peaks between 200°C and 
295°C, but with much more of this carbon on CuCoZrO2, as measured by the area 
under the TPO peaks. CuCoLa2O3 shows a shoulder at 230°C, a larger peak at 320°C 
Figure 3.5 TPO of CuCoLa2O3 and CuCoAl2O3 after CO hydrogenation Reaction at  
250 °C for 9 hours. 
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and another peak at 565°C. Literature attributes the peaks in the 200-300°C region to 
the oxidation of polymeric carbon species for all three catalysts [33-35]. Cobalt carbide 
decomposes above 300°C[36], therefore, the peak around 320°C on the CuCoLa2O3 
catalyst can be assigned to the decomposition and oxidation of cobalt carbide. The 
CuCoLa2O3 peak at 565°C corresponds to the decomposition of graphitic carbon on the 
surface [37, 38].  
Lanthanum promoter in CuCoLa2O3 seems to play a vital role in promoting the 
surface reconstruction and changing the product selectivity to favor alcohols. More in-
situ characterizations are required to study the mechanism of surface reconstruction 
and formation of intermediates during syngas exposure, which will help us to further 
increase higher alcohols selectivity in CO hydrogenation reaction. The selectivity to 
ethanol and higher alcohols can also be further increased by adjusting reaction 
conditions. For instance, changing the H2/CO ratio to 1/1 will decrease the methane and 
the methanol selectivity and favor the higher alcohols synthesis [1, 25]. 
3.4. Conclusion 
No major difference in the catalyst reduction behavior is observed for these 
promoted catalysts during the TPR. The reduction of cobalt and copper are completed 
for all the catalysts by 300°C, which is consistent with literature. XRD results show CuO 
and Co3O4 phases in the fresh, calcined catalysts. The samples show uniform particles 
which have the same Cu/Co ratios on the surface and in the bulk. In the activity tests, 
CuCoAl2O3 displayed highest CO conversion, while CuCoLa2O3 yielded much higher 
carbon selectivity to methanol (16.9%) ethanol (10.5%) than the other two tests. All 
three catalysts showed changes with time-on-stream, with more significant increases in 
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methanation and methanol formation compared to other products. Increases in 
selectivity were particularly significant for CuCoLa2O3, suggesting the existence of 
surface reconstruction and intermediate formation on the surface during the exposure of 
syngas. Post-reaction TPO detected polymeric carbon on all used catalysts, while 
CuCoZrO2 showed highest polymeric carbon accumulation. TPO also showed the 
existence of cobalt carbide on spent CuCoLa2O3. 
The addition of the three metal promoter oxides leads to significant differences. 
Specifically, the C1-C6 alcohol selectivity for the CuCoLa2O3 (34.9%) is far greater than 
either CuCoAl2O3 (13.1%) or CuCoZrO2 (17.8%). This suggests fundamental reasons 
for CuCoLa2O3, Perhaps the surface basicity is increased by Lanthanum oxide to favor 
alcohols formation [39]. Another difference for CuCoLa2O3 is the hydrocarbon selectivity.  
The difference in C2-C6 hydrocarbon selectivity between the CuCoAl2O3 (26.0%) and 
CuCoZrO2 (29.6%) on one hand, and CuCoLa2O3 on the other hand (14.4%) appears to 
reflect that on CuCoLa2O3 the relative rates of the hydrogenation of surface CHx,to 
hydrocarbons is lower than the relatively rates of the hydrogenation of the COads-CHx 
bond to C2+ alcohols [2, 17, 25]. The metal promoter oxides studied here clearly affect 
the formation of the final products on the associative and dissociative adsorption sites, 
and La in particular promotes the selectivity to oxygenates versus hydrocarbons.  
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Chapter 4 Preparation and Characterization of Lanthanum-promoted 
Cobalt-copper Catalysts for the Conversion of Syngas to Higher 
Oxygenates: Formation of Cobalt Carbide1 
4.1 Introduction 
Catalytic conversion of syngas is a complex step-wise mechanism in which both 
C1 and higher carbon-number products are produced.  The final product mixture is the 
net result of interactions between CO and hydrogen and the surface sites, forming both 
simple and more complex intermediates.  Cobalt-c2opper catalysts are one class of 
materials that have been studied for syngas conversion.  These catalysts contain sites 
that activate CO both dissociatively and associatively. While cobalt is thought to be the 
site at which CO is dissociated, the interaction of copper with CO in the formation of 
higher oxygenates is not fully understood [1-3].  
It is well-known that in Fischer-Tropsch synthesis, cobalt dissociates carbon 
monoxide, but there is a lack of consensus of the mechanism leading to higher 
oxygenates. In principle, the formation of higher oxygenates must involve (i) an 
activated but associatively adsorbed CO, (ii) activated but dissociatively adsorbed CO, 
and (iii) atomic proximity of these two activated CO molecules so that the initial C-C 
bond can be formed.   
The role of both cobalt and copper has been studied. CO adsorbed on copper is 
thermally unstable at 200 °C, while the CO hydrogenation reaction is usually carried out 
above this temperature [4-6]. This implies that associatively adsorbed CO on copper 
has little relationship with CO insertion and higher oxygenate formation. Some authors 
claim that the active sites are cobalt-copper alloy nanocrystals and the selectivity of 
                                            
1 Reprinted from Z. Wang, N. Kumar, J. J. Spivey, Journal of Catalysis 2016, 339, 1-8. With permission 
from Elsevier. 
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higher alcohols varies with the cobalt-copper ratio.[7, 8]  However, bulk Co-Cu bimetallic 
alloys are not likely to exist because both metals show low solubility (a maximum of 9 
atom % from phase diagrams) [9, 10]. Other researchers believe cobalt cations [4] or 
cobalt carbide serve as the CO insertion site. Baker et al.[11] claim that the role of 
copper promoters in cobalt-based catalyst is to control hydrogenation activity, not 
participating in the CO insertion mechanism, while Xiang et al.[9, 12, 13] synthesized a 
series of cobalt core/ copper shell catalysts promoted by Mn or Mo. Major physical and 
chemical reconstruction was observed during activation and reaction, and the surface 
cobalt is in a Co2C phase with higher oxidation state. Volkova et al.[14] proposed that 
copper promotes the formation of cobalt carbide by alloying with cobalt.  
In the Fischer Tropsch synthesis, the formation of cobalt carbide is usually a 
cause of deactivation because Co2C particles are considered inactive for CO 
dissociation [15, 16]. In higher alcohol synthesis, however, Co2C has been identified as 
the active species in the formation of higher alcohols by both experimental and 
computational studies [14, 17-19]. Lebarbier et al.[18] presented a combined theoretical 
and experimental study of the mixed higher alcohol synthesis from syngas using La2O3-
promoted cobalt catalysts. According to the characterization results, Co exists in both 
metallic form and carbide phase, and the amount of Co2C greatly depends on the 
presence of La. In the CO hydrogenation experimental studies, the alcohol selectivity 
increased slightly for the sample with the highest Co2C/Co0 ratio. Theoretical studies 
indicate that the hydrocarbon chain growth on Co0 is more energetically favorable than 
on Co2C, and the growth of oxygenates is more favorable on Co2C by coupling COads 
and (CHx)ads  to form a C-C bond (CHx + CO→CHxCO).  
55 
 
The effect of lanthanum on promoting cobalt carbide formation is also reported in 
other works [3, 20, 21]. Liu et al.[3] prepared and characterized a LaCo0.7Cu0.3O3 
perovskite-type catalyst for higher alcohol synthesis from syngas. After the reduction of 
the catalyst, La2O3 is homogeneously mixed with bimetal Cu-Co particles. La2O3 
promotes metallic cobalt and carbon monoxide to form Co2C. Therefore, the ratio of 
Co2+ to cobalt metal is optimized to favor the synthesis of ethanol and higher 
oxygenates.   Jiao et al.[20] used XRD and observed the existence of Co2C species on 
the activated carbon-supported La-promoted cobalt catalysts with different La 
concentrations (denoted as 15Co-xLa/AC). The highest alcohol selectivity (38.9 wt.%) 
was found on a catalyst with 0.5 wt.% La doping. 
Cobalt and copper composition in the catalyst also significantly affects the 
product selectivity. Dong et al.[22] investigated a series of CoCu catalyst supported on 
carbon nanotubes with the same support content but different Co/Cu molar ratio. The 
catalyst with the Co/Cu molar ratio of 3/1 showed the highest yield to alcohols. Prieto et 
al.[2] used DFT calculations and microkinetic models to identify the optimum 
composition to selectively produce higher alcohols. The results show that hydrocarbons 
were favored on the metallic Co sites, and methanol was favored on the metallic Cu 
sites. The maximum selectivity to ethanol was postulated to be on an atomically 
adjacent cobalt-copper surface with slightly Co-enriched compositions. The 
experimental study showed that the highest yield to ethanol was achieved on a catalyst 
with Cu/Co ≈1/2. Therefore, the higher alcohols production is favored on a Co-rich 
surface. Considering the fact that cobalt carbide could form during the reaction, 
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therefore, a Co-rich catalyst surface could produce more cobalt carbide on the surface, 
leading to higher selectivity to higher alcohols. 
In this study here, a series of La-promoted cobalt-copper catalysts are 
synthesized and tested for CO hydrogenation. The goal is to investigate the formation of 
cobalt carbide and the role of copper and cobalt carbide for higher oxygenates. The 
ratio of cobalt/copper is varied to determine the highest selectivity to these products. 
Characterizations of the catalysts in this study include TPR, TEM and DRIFTS study.  
4.2 Materials and Methods 
4.2.1 Catalyst Preparation 
Catalysts were prepared by coprecipitation in ammonia carbonate solution. A 
typical synthesis method has been reported elsewhere[21]. Copper nitrate, cobalt nitrate 
and lanthanum nitrate hexahydrate (La(NO3)3•6H2O) were dissolved in water. The 
concentrations of cobalt and copper nitrate were adjusted to synthesize catalysts with 
different cobalt/copper ratios, as shown in Table 4.1. The solution is heated to 80°C and 
an ammonia carbonate solution was titrated to keep the pH at 7.00±0.2.The solution 
was then aged for six hours at room temperature. The precipitate was filtered and 
washed with deionized water, and dried at 90°C for 24 hours. The dried precursor was 
calcined in air flow at 500°C for 3 h with a ramp rate of 2°C /min. 
4.2.2 Catalyst characterization  
H2-TPR was done on 50mg of calcined catalyst in an Altamira AMI-200 system. 
The catalysts were pretreated in Helium flow at 150°C for 30 min first. The samples 
were cooled down to room temperature, and a flow of 10% H2/Ar passed through the 
reactor while the temperature was ramped to 700°C. The consumption of hydrogen was 
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monitored by a thermal conductivity detector. A calibration on 20, 35 and 50 mg Ag2O 
with the same TPR procedures allowed quantitative analysis of catalyst hydrogen 
uptake.  
Catalyst dispersion and crystallite size was determined by CO pulse 
chemisorption on the Altamira AMI-200 system. 100mg of calcined catalyst was 
reduced at 400°C for 1h followed by 30 mins helium flush at 50°C and atmospheric 
pressure. A total of 15 CO pulses were injected into the helium flow. The composition of 
the stream exiting the sample cell is monitored quantitatively by the TCD. CO pulse 
calibration was conducted to calculate the amount of CO adsorbed on the surface. The 
stoichiometric adsorption ratio for CO on active cobalt metal sites(CO/Cos) is 1.2/1, 
which is appropriate for catalysts prepared by coprecipitation [23].    
The morphology and the particle sizes of the reacted catalysts were 
characterized by a JEOL 2011 High-Resolution TEM at an accelerating voltage of 
200kV. After the reaction process, the catalysts were cooled to room temperature, then 
passivated in 1% O2/He gas for 30 mins. The powders were grounded and suspended 
in ethanol, then a drop of the solution was deposited on a lacey carbon coated 300 
mesh copper grid. A STEM-EDX map of Co and La was collected on a FEI Titan 
Themis 3 STEM with Super-X quad EDS detector at 80 kV.  
4.2.3 In-situ DRIFTS Spectroscopy 
Fourier Transform Infrared (FTIR) spectroscopy of adsorbed CO was performed 
on a Thermo Scientific Nicolet 6700 spectrometer with a Harrick Praying Mantis 
accessory. Diffuse reflectance spectra were collected with a liquid-nitrogen cooled MCT 
detector.   
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In the FTIR measurements, The sample was maintained in helium flow at 400°C 
for 30 minutes for the reduction, then the chamber was cooled down to 25°C in helium 
atmosphere. During this stage background spectra were collected from 400°C to room 
temperature with 50°C intervals. In-situ surface reactions were performed after 
background spectra collection. The sample was kept in a syngas flow (H2/CO=2) at 
ambient pressure. The spectra were taken from 100°C to 300°C with 50°C intervals. 
Sample spectra (64 averaged scans, with resolution 4 cm-1) were collected every 
minute.  
4.2.4 Reactions 
An Altamira AMI-200R-HP system was used to carry out the reactions at 
differential conditions. During each run, 50 mg of freshly-calcined samples were loaded 
into a 1/4 inch glass-lined stainless steel reactor tube. The catalyst was reduced by 
10%H2/He gas at 400°C. After the reduction, the temperature was set to 250°C, and the 
reactor was pressurized to 30 bar. At this point, a mixed flow of hydrogen and CO 
flowed through the reactor to carry out the CO hydrogenation reaction. Products were 
analyzed by a Shimadzu GC-2014 gas chromatograph with one flame ionization 
detector (FID) and two thermal conductivity detectors (TCDs). Reaction data was 
collected every ¾ hour until steady state was reached. 
4.3 Results 
4.3.1 Catalyst composition 
The composition of the catalysts are shown in Table 4.1. During the synthesis, 
the concentration of cobalt nitrate and copper nitrate were adjusted to yield three 
catalysts with different cobalt-copper ratios, whereas the lanthanum nitrate 
59 
 
concentration was consistent to maintain the same lanthanum composition for all the 
catalysts. In Table 4.1, Cu1Co1La has a copper:cobalt mole ratio of 1:1, while the 
Cu1Co2La sample has a 1:2 copper to cobalt mole ratio. There no copper added in 
Co1La. 
Table 4.1 Catalyst Composition by ICP-OES test 
Catalyst 
Composition 
Co/Cu molar ratio 
Cu wt.% Co wt.% La wt.% 
Cu1Co1La 11.7 9.4 12.7 0.87 
Cu1Co2La 7.11 13 11.8 1.98 
Co1La 0 20.8 11.8 - 
 
4.3.2 H2-TPR 
Temperature programmed reduction profiles of all the catalysts are shown in 
Figure 4.1. The reduction of the cobalt-copper catalysts includes both the reduction of 
Figure 4.1 TPR results for Cu1Co1La, Cu1Co2La and Co1La from 70°C to 700°C. 50 mg 
of samples were reduced in 10% H2/Ar. Ramp rate=20°C/min 
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CuO to Cu and the two-step reduction of Co3O4 to CoO and CoO to Co metal. The 
reduction of cobalt is promoted by copper in close proximity [24], and the choice of 
promoters such as copper significantly affects the reduction behavior of cobalt oxides[2, 
9, 17].  The TPR profiles in Figure 4.1 are consistent with this expected behavior. 
Taking Cu1Co1La as an example, the first shoulder at ~190°C corresponds to the 
reduction of CuO to Cu. The other feature at 215°C is a combination of both Co3O4 to 
CoO and CoO to metallic cobalt[24]. The lack of copper in Co1La requires higher 
temperature for complete reduction---the reduction of Co1La started at ~290°C, and 
ends at 550°C. 
Table 4.2 shows the H2 consumption of the three catalysts during the TPR. The 
expected role of copper to promote the reduction of the two copper-containing catalysts 
(Cu1Co1La and Cu1Co2La) is apparent. The H2 consumption was calculated from two 
Table 4.2 Quantitative H2 Consumption during TPR* and Dispersion from CO pulse 
chemisorption 
Catalyst 
Expected 
consumption 
(µmol/g) 
50°C  to 400°C 50°C  to 700°C 
Dispersion 
(%)† 
H2 
consumed 
(µmol/g)* 
Metal 
reduced 
% 
H2 
consumed 
(µmol/g)* 
Metal 
reduced 
% 
Cu1Co1La 395 343±8 
86.8 ± 
2.0 362±8 91.5±2.0 
10.6 
Cu1Co2La 405 350 ± 8 
86.3 ± 
2.0 370±8 91.2±2.0 
9.6 
Co1La 470 336 ± 5 
71.6 ± 
1.1 435±6 92.5±1.1 
9.0 
* H2 consumption is based on the area under the curve in Figure 4.1 from 50°C to 
400°C and from 50°C to 700°C region. The consumption is calibrated using Ag2O as 
standard. 
* Errors in the H2 consumption values are within 95% confidence interval. 
† Dispersion is based on CO pulse chemisorption at 50°C. Error of measurement was 
±5% 
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temperature regions: 50°C-400°C and 50°C-700°C. Below 400°C, 86% of the total 
metal (copper plus cobalt) in both Cu1Co1La and Cu1Co2La is reduced, while only 72% 
of the metal in Co1La is reduced in this same region.   
 
4.3.3 TEM 
Figure 4.2 (a-c) shows the TEM image of Cu1Co1La, Cu1Co2La and Co1La after 3 
hours of reduction followed by 15 hours of CO hydrogenation reaction at 250°C. The 
magnified image of Co1La is shown in Figure 4.2 (d). The catalysts show particles with 
the size ranging from 20 nm to 50 nm. All three catalysts are bulk materials so that most 
Figure 4.2 TEM image of (a) Cu1Co1La, (b) Cu1Co2La and (c) Co1La after H2 reduction 
and syngas exposure at 250°C for 15 h. (d) TEM image of Co1La at higher resolution. 
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of the particles tend to overlap and form assorted crystal structures. Cu1Co2La showed 
less overlap than the other two catalysts. The lattice parameters for each smaller 
particles (size≤ 10 nm) are shown in Figure 4.2 (b). The particles with a lattice spacing 
of ~0.210 nm corresponds to the (111) plane of Co or Cu metal. On the peripheral 
areas, another type of nanoparticles with larger lattice spacing (0.241 nm to 0.257 nm) 
is shown, which matches the lattice spacing of Co2C (101) and (200) plane. Therefore, 
during the 15 hours of CO hydrogenation reaction, the metallic cobalt particles on the 
surface have partially transformed to cobalt carbide, and the surface contains three 
types of particles: metallic Co, metallic Cu and Co2C.  
Co1La also shows graphitic layers on the outer surface of the catalyst particles, 
as shown in Figure 4.2 (c) and zoomed in Figure 4.2 (d). The graphitic carbon covers 
the surface of the catalysts and forms a graphitic shell that covers the catalyst, which 
must have formed on Co1La during the 15 hours of CO hydrogenation reaction.  
Error! Reference source not found. shows a STEM analysis with EDX map on 
Co and La on the spent  Cu1Co2La catalyst. La is homogeneously distributed in the 
particle, with no existence of large lanthanum oxide islands. Cobalt and lanthanum are 
Figure 4.3 HAADF image of Cu1Co2La, with Cobalt (Co-K) map, and Lanthanum (La-L) 
map of the particle in the white box. 
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in close proximity after the calcination→reduction→reaction process, which indicates 
the extraordinary mixing of cobalt and lanthanum is preserved during CO 
hydrogenation. 
4.3.4. DRIFTS 
Error! Reference source not found. shows the in-situ DRIFTS spectra of 
Cu1Co2La during a temperature programmed surface reaction experiment. The spectra 
taken at 100°C under syngas atmosphere show the peaks of gas phase CO (2124cm-1 
and 2175cm-1) and CO linearly adsorbed on copper(2113 cm-1). Once the temperature 
reaches 200°C, the 2113 cm-1 peak disappeared, indicating the desorption of CO from 
the copper surface[4, 25]. Meanwhile, an absorption peak appeared at 1995 cm-1. This 
peak grows in intensity and became stable after 10 minutes at 200°C. At 250°C this 
peak slightly shifted to 1998 cm-1 with the same intensity. However, the intensity of this 
peak at 1998 cm-1 reduces and shifted to 1986 cm-1 at 300°C. The new band 
corresponds to CO absorbed on a new type of site generated in the presence of syngas 
at elevated temperatures. This site adsorbs CO above 200°C and desorbs at ~300°C. 
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Figure 4.4 DRIFTS spectra of Cu1Co2La in CO/H2 flow at 100°C, 200°C, 250°C and 
300°C. Spectra are labeled as Temperature and time sequence. E.g. 300°C 10 min is 
taken when temperature is kept at 300°C after 10 minutes. 
 
 
To confirm that the peak at 1998 cm-1 corresponds to CO adsorption on the new 
site, a new experiment is performed on reduced Cu1Co2La catalyst. The spectra are 
shown in Error! Reference source not found.. In this test, the catalyst is kept at 250°C 
in CO/H2 flow for one hour first, and 1995 cm-1 is clearly shown in yellow color “200°C 
syngas”. Then the flow is switched to helium to flush all gaseous CO. Gaseous CO 
peaks at 2174 cm-1 and 2112 cm-1 diminish in size as CO is flushed out of the reaction 
chamber but the feature at 1995 cm-1 persists, which is shown in “200°C He”. Once the 
temperature is ramped to 250°C, however, the peak at 1995 cm-1 decreases in intensity 
and changes to a lower frequency at 1986cm-1(shown in “250°C He”). Even when the 
temperature is reduced to 200°C and syngas flow is flowed again, the spectra (“200°C 
syngas again”) still shows the feature at 1995 cm-1, but the intensity is much smaller 
comparing with the spectra taken before increasing the temperature.  
This result confirms that the peak at 1995 cm-1 corresponds to CO adsorption on 
new sites. This new site is formed under syngas exposure at 200°C, and is stable at 
250°C but disappears at 300°C. In helium flow, the site attributed to associatively 
adsorbed CO is still present at 200°C. However, at 250°C the peak loses intensity and 
shifts to lower wavenumbers (1986 cm-1). This is because of the decreased CO 
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coverage on the sites. The intensity of 1995 cm-1 peak decreased in the CO re-
adsorption at 200°C, suggesting the decomposition of the sites at high temperatures.   
The bands in the region of 2040-1800 cm-1 are due to CO adsorption on Coδ+ 
species[26-28]. Based on the literature [29-31], the peak at 1998 cm-1 can be attributed 
to linear CO adsorption on cobalt carbide sites. A similar conclusion was reached by 
Bian et al[29], who performed syngas adsorptions at high pressures and elevated 
temperatures on a reduced cobalt catalyst. From DRIFTS, they observed the band at 
1999 cm-1 after syngas adsorption at 1.2MPa and 240°C for 6h. Combining with the 
results from XPS and XRD, they conclude that after syngas adsorption, the cobalt on 
the surface transformed to Co2C, while bulk metallic cobalt phase is maintained.  
The results on Cu1Co2La indicate that cobalt carbide species are formed under 
syngas exposure at 200°C.  These cobalt carbide species are able to linearly adsorb 
CO from 200°C to 250°C. The cobalt carbide phase decomposes to cobalt metal and 
polymeric carbon at 300°C in syngas. Once the carbide species decomposes and 
transforms to metallic cobalt and polymeric carbon [26, 32], the associatively adsorbed 
CO began to desorb from the Co2C site.  
3.5 Reactions 
Table 4.3 summarizes the activity and carbon selectivity for the Cu1Co1La, 
Cu1Co2La and Co1La catalysts. For all the three catalysts, the reaction undergo a 
transition state for the first 10 hours with continuously loss of CO conversion and 
inconsistent selectivity, then the catalysts performance is stable up to 15 hours of 
reaction. Table 4.3 shows the results at steady state, between 10 and 15 hours of 
reaction.  
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Table 4.3 Activity & Products Selectivity 250 °C and 30 bar* 
 
Catalyst 
Cu1Co1La Cu1Co2La Co1La 
Carbon Selectivity  
  
Methane 38.84 38.76 37.55 
Methanol 17.59 16.16 11.89 
Ethanol 8.28 10.78 6.12 
Acetaldehyde 1.23 2.22 10.39 
C2+ oxygenates 2.81 4.64 2.75 
C2-C8 Hydrocarbons 22.99 22.22 29.2 
CO2 8.26 5.22 2.1 
Conversion % 0.44 0.85 2.05 
TOF† sec-1 1.25E-02 2.13E-02 3.09E-02 
*reaction condition: Pressure=30 bar, Temperature=250 °C, H2/CO=2:1. GHSV=36000 
scc/gcat/h; †TOF from dispersion measured in CO pulse chemisorption.  
 
The initial decrease in the activity in the first 10 hrs is caused by surface 
reconstruction [9, 33] and the formation of cobalt carbide and other carbon species [4, 
18]. The reconstruction of the catalyst surface results in greater higher oxygenate 
selectivities. At steady state, all the catalysts showed high methane selectivity around 
38%. This agrees with the studies that methane selectivity is significant when cobalt 
carbide is formed in unmodified and modified Fischer-Tropsch catalysts [16, 34, 35].  
Cobalt/copper composition considerably affected the CO conversion and the 
selectivity to higher oxygenates, as seen in Table 4.3.  The CO conversion increased 
from 0.44% to 0.85% when cobalt to copper ratio was increased from 1:1 to 2:1, while 
the highest conversion was at 2.05% on Co1La, which is the cobalt-only catalyst. Table 
4.3  shows that the TOF for the three catalysts studied here are between  0.01 and 0.03 
s-1, which are in the range for most Co-Cu based catalysts[36-38]. The TOF increases 
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with cobalt content: Co1La>Cu1Co2>Cu1Co1, consistent with the results reported by 
Wang et al[36]. All three catalysts had similar selectivity for methane and higher 
hydrocarbons. Cu1Co2La showed the highest selectivity to ethanol and C3-6 oxygenates 
(propanol and butanol). Methanol selectivity was higher for Cu1Co1La, which has a 
higher Cu loading than Cu1Co2La and Co1La. The selectivity to acetaldehyde is greater 
for Co1La than Cu1Co1La or Cu1Co2La.  
4.4 Discussion 
4.4.1 Higher oxygenate synthesis on cobalt carbide 
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Based on the results from DRIFTS and TEM, at above 200°C and under CO/H2 
flow, the reduced cobalt on the surface is partially transformed into Co2C. The surface 
Co2C can adsorb CO associatively at reaction temperature (250°C), which is shown in 
the in-situ DRIFTS study. The associatively adsorbed CO can then form a C-C bond 
with an atomically adjacent surface hydrocarbon group (CHx), and form an “enol” 
intermediate[39].  Further hydrogenation of these intermediates leads to the formation of 
higher oxygenates. The postulated reaction mechanism is given in Figure 4.6. 
In this mechanism, cobalt metal reacts with CO to form Co2C under Fischer 
Tropsch reaction conditions[32].  Co2C that is formed during the reaction is not as stable 
as other carbides such as iron or nickel carbide. It can decompose to Co metal and 
polymeric carbon at 300°C [26].  
The in-situ DRIFTS results show a band around 1995 cm-1 that can be assigned 
to CO stretching on Co2C site. This band forms once the temperature increases to 
Figure 4.5  Associatively adsorption of CO on Co2C phase and coupling of CO and CHx 
to form oxygenates. Further hydrogenation yields to ethanol or acetaldehyde. 
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200°C,  which is the temperature for metallic cobalt and CO to form cobalt carbide[19]. 
At 300°C the linearly adsorbed CO desorbed as the band decreased considerably in 
intensity. This is due to the decomposition of cobalt carbide to cobalt metal and 
polymeric carbon[29]. When the temperature was adjusted to 250°C again, the band 
intensity is much smaller comparing to the previous spectra at the same temperature 
before heated to 300°C. Therefore, the cobalt carbide site cannot be restored once the 
catalyst reaches 300°C. The behavior of the unstable cobalt carbide site is in agreement 
with the results from the literature [26, 32]. 
4.4.2 The function of copper in higher alcohol synthesis catalysts 
The addition of copper greatly changes the reduction behavior of the catalysts. 
The two copper-promoted catalysts (Cu1Co1La and Cu1Co2La) are much easier to 
reduce than the non-promoted catalyst (Co1La), as shown in Fig. 1. After the reduction, 
the cobalt on Cu1Co1La and Cu1Co2La is metallic, while the cobalt on Co1La remains in 
the form of CoO. However, in the CO hydrogenation reaction tests, both CO conversion 
and TOF are greater for the cobalt-only Co1La catalyst than for the two copper-cobalt 
materials (Table 4.3).  The literature suggests that the cobalt on Co1La may be 
completely reduced to metallic form, which is active at the conditions tested here [40].  
The CO hydrogenation tests showed that Co1La had much higher acetaldehyde 
selectivity than the two copper-containing catalysts. Based on the CO insertion 
mechanism, the oxygenates are synthesized by the hydrogenation of the “enol” 
intermediates. Hydrogenation of both carbon and oxygen on the alkyl group yields to 
alcohols [41-43]. Meanwhile, acetaldehyde can be a byproduct in the “CO insertion” 
mechanism, formed by mono-hydrogenation of the two carbon atoms without the 
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formation of the hydroxyl group. For Cu1Co1La and Cu1Co2La, copper in close proximity 
with cobalt could provide more hydrogen via H2 spillover to promote the hydrogenation 
of the intermediates. Thus, on these two catalysts, the selectivity to acetaldehyde is 
lower but the selectivity to alcohols are higher than Co1La. For Co1La, however, surface 
H* is not as abundant as for the copper- promoted catalysts. The CHxCO intermediate 
formed following the CO insertion mechanism can only be partially hydrogenated to 
form acetaldehyde, therefore, the acetaldehyde selectivity on Co1La is higher than the 
other two catalysts. The reaction mechanism is shown in the right part of Figure 4.6. 
Isotropic tracer studies have shown that ethanol is not produced via the direct 
hydrogenation of acetaldehyde.[44]. 
The function of copper is clear: Copper serves as a reducing promoter for cobalt. 
During the reaction, copper also provides hydrogen via H2 spillover to hydrogenate the 
intermediates formed on the Co/Co2C surface to produce ethanol and higher alcohols. 
At the reaction temperature of this study (250°C), copper is unable to adsorb CO 
associatively. Therefore, copper site is not involved in the CO insertion step. Lanthanum 
oxide promotes the formation of cobalt carbide, which agrees with the literature [18, 20]. 
In the presence of CO and H2, metallic cobalt can be partially converted to Co2C, which 
then adsorbs CO and bonds with CHx to form the precursor to higher oxygenates, such 
as ethanol and acetaldehyde.   
4.4.3 Increasing the carbon selectivity to higher oxygenates 
The selectivity to higher oxygenates was the highest on cobalt-rich Cu1Co2La, 
which has a Co/Cu ratio of 2/1. This agrees with the results previously reported by 
Prieto[2] and Dong[22]. Both of these studies claim the selectivity to higher alcohols is 
71 
 
the highest on the catalyst that has a higher cobalt concentration than copper. Copper 
has been used for methanol synthesis [25, 45]. Comparing with Co1La which has no 
copper, the presence of copper in Cu1Co1La and Cu1Co2La resulted in greater methanol 
selectivity (Table 4.3), since methanol is produced by the direct hydrogenation on CO. 
Ethanol is formed via the CO insertion and subsequent C-C bond formation. 
Cu1Co2La has higher cobalt concentration than Cu1Co1La, therefore, the Co2C phase 
that was formed on the surface of Cu1Co2La is more abundant, leading to higher COads 
linearly adsorption and a greater degree of COads insertion probability and greater 
ethanol and higher oxygenate selectivity. 
Table 4.4 compares the conversion and carbon selectivity of Cu1Co1La with other 
cobalt-copper catalyst for higher oxygenates synthesis. However, a  direct comparison 
at industrial operation conditions [46], or with other literature is not possible because of 
the different reaction conditions in these papers, such as reaction temperature, 
pressure, space velocity. In addition, some literature has excluded CO2 from the total 
carbon selectivity, which results in higher selectivity to alcohols and hydrocarbons. 
Comparing with these catalysts, the Cu1Co2La has intermediate selectivity to higher 
alcohols in the present study.  
 
Table 4.4 Comparison of CO conversion and carbon selectivity with Co-Cu catalysts in 
the references 
Catalyst 
Temperature 
/ °C 
Pressure 
/ bar 
H2/CO 
GHSV/ml•gcat-
1•h-1 
XCO# 
(%) 
Carbon Selectivity (mol %) 
CO2 RH* ROH* C2+ROH* 
Co2Cu1[9] 240 40 1.5 7200 5.7 1.4 50.5 37.9 — 
4Cu-8Co/(Mo/Al)[47] 280 60 1 — 3.4 9.2 73.4 17.4 12.2 
Cu1.1/Co/Zn/Al[48] 280 60 1 9600 10.0 7.5 69.7 22.8 17.0 
Co/CuZnO[49] 250 18 2 54000 0.3 — 38.8 46.0 31.2 
Cu1Co2La
† 250 30 2 36000 0.85 5.2 60.98 33.8 17.6 
†Catalyst in this study.       #XCO: Conversion of CO. 
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*RH: carbon selectivity for C2-8 hydrocarbons. ROH: selectivity for C1-6 oxygenates. 
C2+ROH: selectivity for C2-6 oxygenates. 
 
The results here suggest additional areas of study. For example, the H2/CO ratio 
of the inlet gas flow can be lowered to 1/1 to decrease the methane selectivity. 
Temperature and pressure can be altered to favor oxygenate selectivity. Other 
promoters, such as alkali metals and noble metals, can be added to modify the catalyst. 
A systematic study of the formation of cobalt/Co2C composition and its effect on product 
selectivity would be of interest.  Finally, computational work can determine the effects of 
the degree and atomic-level intimacy of copper and cobalt, and the net result of Co2C 
and C-C bond formation.  
4.5 Conclusion 
 Three lanthanum promoted cobalt-copper catalysts with different Co:Cu ratio 
were synthesized using coprecipitation. Under the CO hydrogenation reaction 
conditions, cobalt carbide is formed on the surface of the catalyst. The new formed 
Co2C phase can associatively adsorb CO and insert the CO into adjacent CHx species, 
which are formed on the Coo sites. The CHxCO intermediate formed via CO insertion is 
subsequently converted to higher oxygenates, such as ethanol and acetaldehyde. 
Copper promotes the reduction of cobalt oxide in the H2 reduction pretreatment. During 
the reaction, copper also promotes the complete hydrogenation of the CHxCO 
intermediates to form ethanol. For the cobalt-only catalyst, the CHxCO intermediate 
tends to form acetaldehyde, but which is not fully hydrogenated to form ethanol due to 
the lack of adsorbed hydrogen on the surface. The highest selectivity to ethanol and 
other higher oxygenates is at a cobalt to copper molar ratio of 2:1. 
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Chapter 5 Synthesis and Characterization of a Bulk Cobalt Carbide 
Catalyst for Higher Oxygenate Synthesis 
5.1 Introduction: 
C2 and C2+ oxygenates, including alcohols, aldehydes and esters, can be 
synthesized directly from CO and H2 using one-step modified Fischer-Tropsch synthesis 
[1-3]. Despite the drastic decrease of crude oil price in recent years due to the 
exploration of various techniques for fossil fuel production as well as the economic and 
political development around the world, the developments of higher oxygenates 
synthesis are still considered as new approaches for energy production and 
transportation, not to mention that these oxygenates are widely used as feedstock in 
basic chemical industries. Meanwhile, recently the development in natural gas utilization 
and biomass gasification prompted the studies on using synthesis gas, a mixture of CO 
and H2, for producing high value chemicals, such as alcohols and aldehydes. Among all 
types of catalysts for higher oxygenate synthesis, cobalt-based modified Fischer-Tropsh 
catalyst are considered as the most promising candidate for commercialized higher 
oxygenates synthesis[5].  
Previously we have prepared a series of Cu modified or non-modified cobalt-
based catalysts for higher oxygenates synthesis [4, 6]. The catalysts exhibited high 
selectivity to ethanol and higher oxygenates, with an initial transition state for surface 
reconstruction, which alters the product distribution to favor oxygenate formation. As the 
reaction on the cobalt-based catalysts follows the CO insertion mechanism [7, 8], the 
presence and the formation of the active site for associative CO adsorption is crucial to 
initiate the CO insertion step and form the intermediates that are eventually 
hydrogenated to oxygenates[9, 10]. In these catalysts, the formation of cobalt carbide 
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(Co2C) was detected. The existence of cobalt carbide usually coincide with the general 
temperature range for CO hydrogenation. For some of the catalysts that were promoted 
with lanthanum, the initial transition state is longer and much severe, indicating a 
vigorous transformation process has happened during the reaction. After the transition 
state, the selectivity to higher oxygenate is higher. Therefore, the lanthanum in the 
system promoted the formation of cobalt carbide, which is closely related to higher 
oxygenates synthesis. Some studies proposed that cobalt carbide functions as the CO 
insertion site, and is responsible for the formation of higher oxygenates [11-13]. Current 
studies on higher oxygenates synthesis using cobalt based catalysts suffer from low 
oxygenate selectivity. This is due to the lack of CO insertion sites on the surface of the 
catalysts. The majority of the metals in the catalysts are in the metallic state, while only 
a small portion of the cobalt are reacted to form cobalt carbide. Therefore, increasing 
the value of Co2C/Co0 and balancing the ratio of the associative and dissociative CO 
adsorption sites are the keys to enhance the formation of higher oxygenates. Cobalt 
carbide formation is sensitive to the choice of supports, precursors, and reaction 
conditions. Since Co2C is usually unstable under CO hydrogenation reaction conditions, 
it is rarely observed by ex-situ techniques [14-16]. 
Here in this chapter, a stable and efficient bulk Co2C catalyst was synthesized for 
higher oxygenates synthesis via CO hydrogenation. The bulk Co2C is free from the 
effect of supports and promoters, with some metallic cobalt mixed in the catalyst. The 
Co2C/Co ratio is much higher comparing with conventional metallic cobalt based 
catalysts. The abundance of associative CO adsorption sites will lead to higher 
selectivity to ethanol, acetaldehyde and other higher oxygenates. XANES and XRD 
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techniques were performed to characterize the catalyst, and the reactivity of the bulk 
Co2C catalyst is investigated at 250 °C and 30 bar, with CO/H2=1:2. 
5.2 Experimental 
The Co2C bulk catalyst was synthesized according to the method by Bahr and 
Jessen[17]. Firstly 5 g of CoO powder (reagent grade, Sigma-Aldrich) was loaded into 
the reactor of a PID EFFI microactivity reactor. The reactor was reconfigured to have 
two Swagelok valves at the inlet and the outlet of the ½ inch reactor tube, as seen in 
Figure 5.1 Configuration of PID EFFI microactivity reactor, with two SwagelokTM needle 
valves at reactor inlet and outlet. 
79 
 
Figure 5.1. The CoO powder was firstly reduced to metallic cobalt in H2 at 280 °C for 24 
hours, then the sample was carburized by CO extensively by flowing 32 sccm of CO 
through the reactor for 19.5 days (468 h). After the carburization process, the reactor 
was cooled to RT under CO flow, then both valves were closed to seal the reactor. The 
reactor, with the valves attached to both ends, were transferred to an argon-filled 
glovebox. Inside the glovebox approximately half of the powders were stored inside, 
while the other half was maintained in the sealed reactor. The reactor was then put back 
in the reactor system, and a 1% O2/He flow was used to passivate the sample at room 
temperature for 30 mins.  
X-ray diffraction analysis was carried out using an Empyrean X-ray diffractometer 
with Cu Kα radiation (λ=0.15406 nm). The passivated powder sample was grinded and 
spread on a 2’’ sample holder. The XRD spectra were collected at 2θ ranging from 15° 
to 90°, with a step size of 0.0167°. X’pert HighScore Plus were used to identify phases 
by the Search & Match feature. 
X-ray absorption near edge structure (XANES) and Extended X-ray absorption 
fine structure (EXAFS) measurements were collected on the High Energy X-Ray 
Absorption Spectroscopy Beamline (HEXAS) located on an 11-pole, 7.5 T multi-pole 
wiggler at the J. Bennett Johnston, Sr., Center for Advanced Microstructures and 
Devices (CAMD), Lousiana State University, Baton Rouge, LA. Around 20 mg of non-
passivated sample was deposited on a 6 inch long Kapton tape inside an argon-filled 
glovebox. Then another tape was used to cover on the samples and seal the samples 
under argon atmosphere. The edge of the two tapes was fortified to prevent leaking and 
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oxygen permeation. The taped sample was then sent to HEXAS beamline for XANES 
measurement. 
XANES spectra were collected at Co K-edge. The edge was calibrated to 7709 
eV with a cobalt foil. X-ray absorption spectra were collected in fluorescence mode from 
200 eV below the edge to 14K eV above the edge. The steps were 5 eV from −200 eV 
to −30 eV, 0.2 eV from −30 eV to 30 eV around the edge, and 0.05 k up to 14 k. 
Fluorescence spectra were collected with an 80 mm2 Ketek silicon drift detector. Cobalt 
foil and cobalt oxide powder (Alfa Aesar, reagent grade) were also used to get the 
standard XAS spectra. Data were analyzed by the Athena software[18]. 
 CO hydrogenation reaction was carried out in an Altamira AMI-200R-HP system. 
100 mg of passivated bulk Co2C catalyst was loaded into a 1/4-in. glass-lined stainless 
steel reactor tube, with quartz wool at both end of the catalyst to secure the location of 
the catalyst. 50 sccm of CO passed through the reactor to remove the passivated layer, 
with the temperature increased to 200 °C, and pressure increased to 12 bar. The CO 
flow was kept for 1 hour at the reduction conditions above. After the reduction, the 
temperature was increased to 220°C .The pressure was set at 30 bar. Then the flow 
was switched to 10 sccm CO and 20 sccm H2 to carry out CO hydrogenation reaction. 
The reaction products were analyzed by a Shimadzu GC-2014 gas chromatograph with 
flame ionization and thermal conductivity detectors (FID and TCD), and a GCMS-2010 
with TCD and mass spectrometer. The reaction data were continuously measured until 
the results are consistent. After 24 hours of time-on-stream, the temperature was 
ramped to 250 °C, and the product distribution was measured again for 24 h. 
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5.3 Results and discussion 
The X-ray diffraction pattern of passivated bulk Co2C catalyst is shown in Figure 
5.2.  The pattern contains major peaks at 2θ=37.0, 41.2, 42.5 and 56.6°, which matches 
with the crystalline plane of Co2C (JCPDS 01-072-1369). Cobalt metal and CoO 
diffraction peaks were not observed in the pattern. Therefore, the major cobalt carbide 
phase was maintained after the passivation, which only oxidizes the surface Co2C while 
the bulk cobalt still preserved as Co2C crystallites. The CO hydrogenation reaction test 
was carried out on passivated bulk Co2C catalyst, since the surface oxide layer can be 
easily re-carburized by CO in the initial reduction process. 
 
 
Figure 5.2 XRD pattern for the Co2C bulk catalyst after passivated in 1% O2/He. Top: 
Co2C reference pattern JCPDS 01-072-1369 
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Error! Reference source not found. shows the XANES spectra of the bulk 
Co2C catalyst with CoO and Co0 foil spectra as standard. a catalyst denoted as 
Cu1Co2La2O3 was used in the CO hydrogenation reaction for 12 h as is reported in [4], 
and the XANES spectrum is also displayed to study the composition changes on this 
type of catalyst. In Error! Reference source not found., the bulk Co2C catalyst 
showed distinct peaks from the standards. As for Cu1Co2La2O3, the white line at 7712 
eV has much lower intensity comparing with the CoO standard. The line shape of the 
Cu1Co2La2O3 spectrum differed from the Co0 foil reference, and some features at ~7810 
eV resembles the bulk Co2C spectrum. The k1-weighted EXAFS spectra of all the 
standards and samples are shown in Figure 5.4. For bulk Co2C sample, there is a peak 
at low distance. Since the Co-Co metal coordination is around 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 XANES spectra of normalized μ(E) vs. photon energy on bulk Co2C  
catalyst and a spent Cu1Co2La2O3 catalyst from [4]. Co0 foil and CoO powder XANES 
spectra are shown as standard 
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Å, the peak at lower distance indicated the presence of the Co-C coordination. In 
addition, the Co-Co peak is shown at slightly higher distance for bulk Co2C, which is 
due to the incorporation of carbon and the expansion of the structure. The Cu1Co2La2O3 
sample spectrum also contains a small peak at lower distance, and the shape of the 
spectrum resembles the bulk Co2C in some extent. Although the CoO standard also 
contains minor features below 2 Å, the coordination of Co-Co for the CoO standard is at 
much higher distance comparing with that on Cu1Co2La2O3 and bulk Co2C. Therefore, 
the formation of Co2C is confirmed in the spent Cu1Co2La2O3 catalyst. The XANES and 
EXAFS data for Cu1Co2La2O3 serve as the supplemental materials for chapter 3 and 4.  
 
 
Figure 5.4 The k1-weighted Fourier transform magnitude vs. distance spectra of bulk 
Co2C catalyst and a spent Cu1Co2La2O3 catalyst from [4]. With Co0 foil and CoO as 
standard. 
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Table 5.1 Activity & Carbon Selectivity at 220 °C and 250 °C 
 
Temperature 
220°C 250 °C 
Carbon Selectivity  
 
Methane 29.85 31.51 
Methanol 0.15 1.70 
Ethanol 1.45 0.87 
Acetaldehyde 8.25 5.32 
C2+ oxygenates 6.63 8.39 
C2-C8 Hydrocarbons 44..22 40.57 
CO2 8.45 6.14 
CO Conversion % 0.39 1.32 
*reaction condition: Pressure=30 bar, H2/CO=2:1. GHSV=12000 scc/gcat/h; 
 
To evaluate the effect of cobalt carbide on higher oxygenate formation, bulk 
Co2C catalyst was used for CO hydrogenation at two different temperatures: 220 °C and 
250 °C. The temperature is lower than conventional CO hydrogenation temperatures to 
maintain the cobalt in carbidic phase and avoid thermal decomposition[19]. The 
reactivity results of bulk Co2C catalyst are summarized in Table 5.1. The CO conversion 
is relatively low for both runs, which is because of the low reaction temperature. At 220 
°C, the catalyst showed around 15% carbon selectivity to C2-C6 oxygenates, including 
ethanol and acetaldehyde. The methane and C2-C8 Hydrocarbons selectivity are 
29.85% and 44.22 %, respectively. At higher temperature (250 °C), the selectivity to 
higher oxygenates increased to 16%, while the hydrocarbon selectivity slightly 
decreased. The CO2 selectivity also decreased at higher temperature.   
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The bulk Co2C catalyst has high selectivity to methane. This is due to the 
decomposition of cobalt carbide when H2 was present in the gas atmosphere[20]. The 
selectivity to C2+ hydrocarbons (~40%) is higher than oxygenates (~15%). Although in 
XRD and XANES the cobalt exists in the Co2C phase, it cannot be ruled out that cobalt 
carbide decomposed to metallic cobalt and carbon during the reaction. The metallic 
cobalt is the active sites for CO dissociation[13], thus, the selectivity to hydrocarbons 
will increase when cobalt carbide was decomposed to cobalt and carbon. Acetaldehyde 
selectivity is higher than that for ethanol. As is mentioned in chapter 4, after the CO 
insertion onto the metal-alkyl bond, the intermediate can be further hydrogenated to 
form oxygenates. The absence of metal promoters such as copper results in low 
selectivity to ethanol, when the CHxCO intermediates tend to be partial hydrogenated to 
acetaldehydes[4]. Therefore, the selectivity to acetaldehyde is higher on bulk Co2C 
catalysts in this study.  
Although the bulk Co2C catalyst showed high selectivity to methane and 
hydrocarbons, it is able to conduct the CO insertion mechanism and synthesize higher 
oxygenates. The catalyst in this study is absent of any support and promoters, thus it is 
subject to decomposition or deactivation, and the surface acidity is not tuned to favor 
oxygenate production. Further development of the bulk Co2C catalyst can be focused 
on the studies of promoters and supports, as well as novel preparation methods to 
synthesize a catalyst that is resistant to decomposition. For example, the use of alkali 
metals can greatly enhance the selectivity to higher alcohols[21, 22]. The preparation 
methods can provide a core/shell structure, which can be resistant to sintering and 
deactivation[23].  
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Chapter 6 Metal Organic Framework-mediated Synthesis of 
Potassium-promoted Cobalt-based Catalysts for Higher 
Oxygenates Synthesis 
6.1 Introduction: 
The increasing demand and the limited supplies of fossil fuels have spurred the 
world to look for alternative fuels. Ethanol is one such substitute which can be used as 
fuels or fuel additives. It is examined that Ethanol and higher alcohols can be added to 
gasoline to reduce the emission of CO2, NOx, and unburned hydrocarbons and to 
improve the octane rating of the fuel [1-3]. Ethanol is produced commercially by 
following two methods: (1) fermentation of sugars, (2) hydration of ethene[4]. However, 
fermentation of sugars can interfere with the food supplies, and the hydration of ethene 
will not reduce the dependence on petroleum. Hence, there is a need to find new 
methods for the mass production of ethanol and higher oxygenates. One new method to 
produce higher oxygenates such as ethanol and acetaldehyde is the catalytic 
conversion of syngas, which is derived from biomass, coal or natural gas[4, 5]. 
Acetaldehyde produced in this method can also be converted easily to ethanol. The 
research to convert syngas into higher alcohols has been studied for decades. The 
formation of higher alcohols and oxygenates require the catalyst to have two types of 
sites in close proximity in order to adsorb CO molecules both associatively and 
dissociatively, and form the C-C bond between the adsorbed CxHy and CO species[6, 
7]. The catalysts used in CO hydrogenation contains metals like Co, Rh, Cu or Fe or a 
combination of more than one metals [2, 3, 8-10] 
Among all the metals, cobalt-based catalysts have the potential to be used in 
commercial scale higher alcohols synthesis process[8, 11]. Cobalt is able to 
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dissociatively adsorb CO and the dissociate CO is hydrogenated to CHx and water[12]. 
Typically one or more transitional metals, such as Cu, Cr or Pd, are doped with cobalt to 
linearly adsorb CO. However, it is extremely difficult to achieve the “atomic adjacency” 
between Co and the other metal in order to insert the adsorbed CO to the CHx 
species[13]. Therefore, the reaction tends to favor carbon chain polymerization instead 
of CO insertion[14]. Previously studies show that cobalt carbide (Co2C) can linearly 
adsorb CO and insert the CO to adjacent CHx species, creating (CHxCO)ads species that 
can be hydrogenated to oxygenates such as acetaldehyde and ethanol[15-17]. Forming 
cobalt carbide on the surface of a cobalt catalyst can provide both types of CO 
adsorption sites, and the cobalt and cobalt carbide sites have the close proximity that is 
required for oxygenate formation [14, 18, 19]. 
The metal organic frameworks (MOFs) are considered as novel precursors for 
the synthesis of catalysts due to their unique structures and high thermal and chemical 
stability [20, 21]. The Zeolitic imidazolate framework 67(ZIF-67) is constructed from 
divalent cobalt cations (Co2+) which are tetrahedrally coordinated, and are linked by 
uninegative imidazolate ligands (im-) [22-24]. In this study, a MOF-mediated synthesis 
(MOFMS) strategy is used for the preparation of Co3O4 nanoparticles. different 
concentrations of potassium was added into these precursors, and the Co3O4 
nanoparticles are reduced in  hydrogen and used for CO hydrogenation reaction at 40 
bar and under varying temperatures (250 °C, 270 °C, 300 °C and 325 °C), with CO and 
H2 in 1:1 ratio. The catalysts are characterized by Scanning Electron Microscopy, X-ray 
photoelectron spectroscopy, BET analysis, X-ray powder diffraction. The resulting 
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samples display outstanding performance for higher oxygenate synthesis, with high 
stability and oxygenate selectivity. 
6.2 Experimental 
ZIF-67 with different potassium concentration were synthesized by mixing two 
different salt solutions of methanol. In system (1), 3g Cobalt (II) nitrite hexahydrate 
(Co(NO3)2·6H2O)+ potassium carbonate (K2CO3) were dissolved in 100 ml methanol. 
The weight of K2CO3 was adjusted so as to yield the desired weight percent of 
potassium as shown in Table 6.1. In system (2), 7.05 g of 2-methylimidazole 
(CH3C3H2N2H) were dissolved in another 100 mL methanol.  The two systems resulted 
in two clear solutions on continuous magnetic stirring. The latter solution was then 
poured into the former under continuous stirring. Stirring was kept for 5 mins. After 
settling down for 3 hours, the solid was collected from the colloidal dispersion by 
centrifugation. The solid was then washed with anhydrous ethanol and centrifuged 
several times, and the precipitate was dried at 60 °C overnight. The dried precursors 
were then calcined in the air flow at 500 °C for 2 h with a ramp rate of 3 °C /min.  
The Co and K composition of the calcined samples are determined using a 
Perkin Elmer 2000 DV inductively coupled plasma-optical emission spectrometer. BET 
surface area test is performed on an Altamira AMI-200 system using a flow BET 
adsorption procedure with 10%, 20% and 30% N2. The morphology of the ZIF-67 MOF 
and the calcined catalyst samples were studied by Scanning electron microscopy (SEM) 
on a Quanta 3D DualBeam FEG FIB-SEM. The accelerating voltage is set at 20 kV 
A Kratos AXIS 165 X-Ray Photoelectron Spectrometer using monochromatic Al 
Kα1 radiation (hν = 1486.6 eV, intrinsic linewidth 0.3 eV) was used to collect the XPS 
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spectra on calcined catalysts. Survey spectra with a pass energy of 160 eV were taken 
on each sample prior to the measurement to check correct sample alignment. High 
resolution scans of Co 2p, C 1s, O 1s, and K 2p were recorded with a pass energy of 40 
eV. C 1s peak at 284.8 eV were used as known standard to calibrate binding energy 
scale. 
XRD analysis was conducted on calcined samples using an Empyrean X-ray 
diffractometer with Cu Kα radiation (λ=0.15406 nm). Data is collected at 2θ from ~5° to 
70°. The patterns were analyzed using the X’pert HighScore Plus software with the 
Search & Match feature.  
Temperature-programmed reduction was carried out using the Altamira AMI-200 
system. Typically 25 mg of calcined samples are loaded into a U-shape quartz tube 
reactor. The samples are heated to 150°C under helium flow and kept for 30 mins to 
remove the moisture. Then 10%H2/Ar gas flowed through the reactor, and the 
temperature is increased to 750°C with a ramp rate of 5°C/min. A thermal conductivity 
detector (TCD) is used to detect the hydrogen consumption.  
An Altamira AMI-200R-HP system was used to carry out our reactions at different 
conditions. During each run, 75 mg of freshly-calcined sample was put inside a ¼ in. 
glass-lined stainless steel tubular reactor. Then, the catalyst was reduced by passing 
10% H2/He gas at 400 °C. After the reduction, the reactor was pressurized to 40 bar 
and the temperature was set to 250 °C. A mixed flow of hydrogen and CO(CO:H2 ratio 
= 1:1) was passed through the reactor to carry out the CO hydrogenation reaction. 
Products were then analyzed by a Shimadzu GC-2014 gas chromatograph which has 
one flame ionization detector (FID) and two thermal conductivity detectors (TCDs). The 
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reaction was ran for around 24 hours so as to attain steady state at 250°C. Similarly, the 
reactions were repeated at 270 °C, 300 °C and 325 °C, respectively.  
6.3 Results and discussion 
Figure 6.1 shows the SEM images at 80,000 Magnification on ZIF-67 and on a 
sample after calcination. The uncalcined sample is composed of polyhedral-shaped 
particles with <500 nm in size. ZIF-67 is reported to be able to form stable suspension in 
methanol, and the average size of the particle ranges from 228 nm to 500 nm [22, 25, 
26]. In this study, ZIF-67 serves as the precursors to the cobalt-based catalysts and the 
sample is calcined under air flow at 500 °C for 2 hours. After the calcination (Figure 6.1 
b), the organic linkers between cobalt metallic nodes are removed. The sample is 
composed of cobalt oxide skeletons, while some of the polyhedron structures are 
maintained. XRD pattern of the calcined sample in Figure 6.1C detects Co3O4 phase in 
the catalyst (JCPDS 01-076-1802). Therefore, the organic ligands are removed and the 
catalyst is consist of merely cobalt oxide after calcination. This agrees with previous 
reported decomposition of ZIF-67 using Thermo-gravimetric analysis and XRD [25-27]. 
The XPS spectra of the calcined samples at Co (2p3/2) are shown in Figure 6.1 (d). The 
calcined samples with different potassium concentration show no major changes at Co 
(2p3/2). The binding energy at 779.8 eV indicates cobalt is in the form of Co3O4 on the 
surface. 
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ICP-OES Sample composition and surface area results are shown in Table 6.1. 
The catalysts were denoted as xK-Co3O4 where x=1,5,10 because ideally the wt% of K 
in the catalyst should be 1%, 5% and 10% of the final calcined catalyst, respectively. 
However, the incorporation of potassium in the ZIF-67 is not successful, as the wt% in 
1K-Co3O4 is even much lower than 1%. 5K-Co3O4 showed ~10 folds higher 
concentration of potassium than 1K-Co3O4, but still much lower than the ideal 
Figure 6.1 Catalyst morphology, crystallinity and surface oxidation state characterization for 
1K-Co3O4, 5K-Co3O4 and 10K-Co3O4.  (a) SEM image of ZIF-67 metal organic framework 
before the calcination. (b) SEM image of ZIF-67 with 1% K addition after calcination at 500 
°C for 2h. (c) XRD pattern of 1K-Co3O4 calcined sample. (d) XPS spectra on Co 2p for 1K-
Co3O4, 5K-Co3O4 and 10K-Co3O4, where the numbers in the figure represent the 
percentage of potassium added to the MOF. 
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composition. Doubling the potassium loading in the synthesis of 10K-Co3O4 did not 
yield twice the potassium concentration than 5K-Co3O4 in the final composition. The 
concentration of 10K-Co3O4 is 634 mg/kg catalyst, which is slightly higher than 5K-
Co3O4. Although the compositions deviate from the composition that was assumed, the 
catalysts still showed a good trend of increased concentration of potassium, thus, 
studying the performance of these three MOF-mediated synthesized catalysts will throw 
light on the effect of potassium on these catalysts for higher oxygenate synthesis. The 
surface area of the catalyst is below 20 m2/g, which is much lower than the precursor 
before calcination (generally ranges from 100 m2/g to 600 m2/g). The drastic decrease 
of surface area is due to the collapse of metal organic framework during the calcination. 
As seen in SEM, after the calcination the linkers were destroyed, the cobalt skeleton 
results in smaller surface area. The decrease of surface area for MOFs were reported 
before[28].  
Table 6.1 Catalyst composition by ICP-OES and BET surface area a 
Catalyst Conc. Of Co wt% 
Conc. Of K 
mg/kg Surface Area m
2
/g 
1K-Co3O4 79.4 52 13.9 
5K-Co3O4 70.4 429 14.7 
10K-Co3O4 69.9 634 17.4 
 
The H2 temperature-programmed reduction profiles of the three fresh-calcined 
catalysts are displayed in Figure 6.2. The three calcined ZIF-67 samples present similar 
profiles, with the reduction peak at the range between 340°C and 370°C. 5K and 10K-
Co3O4 samples have a shoulder at lower temperature region starting at ~270 °C. This 
shoulder is attributed to the promoting effect of potassium added to the catalyst. A minor 
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part of cobalt that is in close proximity with surface potassium tends to reduce at lower 
temperature[29]. The area of the shoulder grows higher when the concentration of K in 
the catalyst increases. All three catalysts are completely reduced after 380 °C, thus, the 
reduction temperature for the catalysts is set at 400°C, which assures that the cobalt 
maintains in metallic form prior to the reaction. 
The CO hydrogenation reaction performance tests were carried out using the 
three MOF-mediate synthesized cobalt catalysts at three different temperatures: 270 °C, 
300 °C and 325 °C. The pressure was controlled at 30 bar, and the GHSV is set at 
36000 scc/gcat/h throughout the reaction. The activity and selectivity data were collected 
after 10 hours of time-on-stream to overcome the initial activation and unstable state. 
The CO conversion of 1,5,10K-Co3O4 catalysts at various temperatures is investigated, 
and the results are summarized in Figure 6.3. At 270 °C, all the catalysts had the 
conversion below 1%. When temperature was increased to 300 °C, 5K-Co3O4 and 
Figure 6.2 H2 Temperature-programmed reduction patterns for 1,5,10K-
Co3O4 calcined sample from 50 °C to 700 °C 
96 
 
10K-Co3O4 had similar activity, while 1K-Co3O4 showed the conversion of 4.37%. At 
325 °C, the activity increased for all three catalysts, with 1K-Co3O4 showing much 
higher conversion (22.3%) than 5K and 10K-Co3O4 samples (5.7% and 5.1%). The 
increased K loading led to much lower activity, especially at higher temperatures. The 
alkali promoters can block the surface active sites for the dissociation of CO, therefore, 
the CO hydrogenation rate is lower when K was present[30]. Since 5K and 10K-Co3O4 
contain similar concentrations of potassium, their activity are similar in the reactions at 
three different temperatures.  
 
Figure 6.3 Reactivity of CO hydrogenation over 1,5 and 10K-Co3O4 catalysts with 
varying temperature. Reaction conditions: 40 bar, GHSV=36000 scc/gcat/h, H2/CO=1/1. 
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5K and 10K-Co3O4 also had similar methane selectivity in the performance 
tests, as is shown in Figure 6.4. 1K-Co3O4 sample, on the other hand, behaved like a 
conventional cobalt based Fischer-Tropsch catalyst, as the methane selectivity is much 
higher at 270  °C. The selectivity to methane slightly decreased at higher temperature for 
1K-Co3O4. The other two catalysts produces much lower methane, especially at low 
temperature. Figure 6.5 and Figure 6.6 showed the selectivity to C2-C6 oxygenates and 
hydrocarbons, respectively. For 5K and 10K-Co3O4, the oxygenates selectivity, 
including ethanol and acetaldehyde, increased significantly at 300 °C and 325 °C 
(Figure 6.5). For C2-C6 hydrocarbons, the selectivity was higher for 5K and 10K-Co3O4 
samples at low temperature, but the hydrocarbon selectivity was suppressed 
considerably at 300 °C and 325 °C (Figure 6.6).  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 Methane selectivity of 1K,5K and 10K-Co3O4 catalyst with 
varying temperature.  
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As is mentioned above, potassium suppresses dissociative CO adsorption. 
Therefore, the active site for associative CO adsorption is preferred, and the CO 
insertion probability is higher for the potassium-modified catalysts. However, the yield to 
higher oxygenates exhibits a maximum value with increased alkali loading[31]. Higher 
loading of potassium could block both sites, lead to lower oxygenates selectivity. In this 
study, the maximum selectivity was present on 5K-Co3O4 sample. When the potassium 
concentration changed from 429 to 634 mg/kg for 10K-Co3O4, the catalyst had lower 
activity and produces less oxygenates.  
Figure 6.5  C2-C6  oxygenates selectivity of 1K,5K and 
10K-Co3O4 catalyst with varying temperature.  
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For CO hydrogenation with cobalt based catalysts, some of the metallic cobalt could 
react with surface carbon and transform to Co2C [32, 33]. The formation of Co2C is 
associated with the formation of oxygenates, as is reported in other literature [14, 18, 
19]. The MOF-mediated synthesis method leaves abundant amount of carbon in the 
calcined catalysts. Thus, the formation of cobalt carbide is enhanced in these catalysts, 
and these catalysts had higher oxygenate selectivity, especially when potassium was 
added as promoters. A duplicated run at 270 °C on 10K-Co3O4 was performed after the 
reaction was carried out at 325 °C. When temperature dropped back to 270 °C again, 
the catalyst showed distinct changes in activity and selectivity, comparing with the 
270°C data taken before ( 
 
Table 6.2). The catalyst showed higher oxygenates selectivity and lower 
hydrocarbons selectivity in the duplicated run. The catalyst has transformed to favor 
oxygenate formation after ~40 h time-on-stream at different temperatures. In the 
duplicate run at 270 °C, more cobalt carbide is formed through the previous reactions, 
which results in higher oxygenate selectivity. 
 
 
Table 6.2 CO hydrogenation reactivity for 10K-Co3O4 sample at 270 °C and a duplicate 
run  
Run 
Carbon selectivity % 
Conversion % 
Methane C2-C6 oxygenate C2-C6 hydrocarbons 
1st at 270°C 10.9 16.0 73.2 0.17 
Figure 6.6 C2-C6  hydrocarbons selectivity of 1K,5K and 10K-Co3O4 catalyst with 
varying temperature. 
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270 °C again 11.0 35.8 53.2 0.23 
 
6.4 Conclusion 
The Metal organic framework-mediated synthesis method could be performed to 
synthesize cobalt-based catalysts for CO hydrogenation to produce higher oxygenates. 
Calcination of ZIF-67 yields the catalyst with the morphology of cobalt oxide skeleton 
structures, and a carbon-rich environment. Potassium was added to the system to alter 
the performance of the catalyst. Potassium addition led to lower activity in CO 
hydrogenation, but a higher selectivity to higher oxygenates. The highest selectivity was 
found on 5K-Co3O4 sample, which has moderate concentration of potassium in the 
system. During the reaction, cobalt carbide is easily formed on the catalyst, and the 
product distribution shifts to higher oxygenate selectivity. A duplicated run at 270°C on 
10K-Co3O4 confirmed the reconstruction of the catalyst in the reaction, as the 
selectivity to oxygenates and hydrocarbons are distinct from the previous run. 
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Chapter 7 Effect of Steam During Fischer-Tropsch Synthesis Using 
Biomass-derived Syngas1 
7.1 Introduction 
The gasification of biomass is a promising technique to generate different forms 
of valuable alternative energy, including direct thermal energy and further conversion of 
synthesis gas to clean liquid fuels or chemicals via Fischer-Tropsch synthesis (FTS) [1-
5]. The ideal H2/CO ratio for FTS is ~2/1 based on the stoichiometry. However, The 
H2/CO for the synthesis gas obtained from biomass gasification is considerably lower, 
typically ~0.7/1. Elder et al. [6] studied the gasification of biomass using an air-blown 
pilot-scale gasification system at various conditions. Based on a ~17-30 kgh-1 wood 
chips feedstock, the unit produce 855 dm3 m-3gas with the composition of 20 % carbon 
monoxide, 15.5% hydrogen, 4% methane, 10.7% carbon dioxide and balance 
nitrogen[6], which is representative of syngas produced in these types of biomass 
gasifiers[7, 8]. This hydrogen-deficient type of syngas requires Fe and Ru-based FTS 
catalyst to promote the water-gas-shift reaction.   
During FTS, the steam formed can react with CO to produce CO2 and hydrogen 
via the water gas shift reaction (H2O+3CO →H2+CO2), producing the required hydrogen 
needed for FTS[9]. Depending on the specific gasifier, the gasification of biomass can 
produce significant levels of steam, yet there are relatively few studies on the 
systematic effect of adding steam to the biomass-derived syngas, despite the potential 
positive effect of added steam. Satterfield et al. [10] reported that steam added to dry 
synthesis gas increased the water-gas shift rate, as expected. Steam addition also 
                                            
1 Reproduced with permission from Catalysis Letters, in press. Unpublished work copyright With 
permission from Elsevier. 
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reduced methane selectivity and increased oxygenate selectivity. In terms of 
conversion, the steam with 27 mol% in the feed decreased the catalyst activity, while 
the activity could be recovered once the steam was removed. However, 42 mol% steam 
in the feed caused irreversible deactivation. Pendyala et al.[11] studied the effect of 
steam on a potassium-promoted precipitated Fe-based catalyst during FTS at 230°C 
and 270°C. At lower temperature (230 °C) the addition of steam decreased FTS activity 
and oxidized the Fe carbide. However, no signs of oxidization were found when steam 
was added to the feed at 270°C.  
Ruthenium-based catalysts have also been used to study the effect of added 
steam. Claeys et al. [12] investigated the effect of steam during FTS over a ruthenium 
supported on SiO2 catalyst. The addition of water led to lower methane selectivity and 
enhanced chain growth probability. CO conversion also increased upon steam addition. 
They claim that steam served as a moderator during FTS, minimizing carbon deposition 
and supplying a source of hydrogen for the formation of hydrocarbon monomers.  
Although the addition of steam in FTS has been studied on various catalysts 
using fixed-bed reactors or slurry stirred reactors [13-16], the synthesis gases used in 
their reports usually contain only CO and H2 with the H2/CO ratio ranging from 1/1 to 
2/1. To our knowledge, we are not aware of systematic reports on the effect of added 
steam in FTS using biomass-derived syngas, especially at low H2/CO ratios and high 
inert N2 concentration. 
In the present study, we report the effect of adding 4 mol % to 20 mol % steam 
on the CO conversion and product selectivity of two types of catalysts: (1) A Fe-based 
catalyst with potassium and copper as promoters to suppress methane formation, and 
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aluminum oxide as structural promoters to prevent catalyst oxidation. (2) An 
unpromoted Ru/SiO2 as a comparison based on the effect of added steam in 
decreasing methane selectivity and increasing chain growth probability over Ru-based 
catalysts[12]. 
7.2 Experimental 
The iron-based catalyst was synthesized by coprecipitation. Iron (III) nitrate 
(Fe(NO3)3·9H2O, Sigma-Aldrich), copper(II) nitrate (Cu(NO3)3·2.5H2O, Sigma-Aldrich) 
and aluminum nitrite (Al(NO3)3·9H2O, Alfa Aesar) were first mixed and dissolved in 
deionized water. Then the aqueous solution was titrated into a continuous-stirred 
beaker with 100ml water at 80°C, while 1 M (NH4)2CO3 solution was added dropwise to 
maintain the pH at 7.00±0.2. The brown-colored precipitate solution was aged for 4 
hours, afterwards the precipitate was collected by filtration and the solid was washed 
with ethanol. The precipitate was kept in the oven at 120°C for 24 h. A desired amount 
of KHCO3 solution was impregnated into the catalyst precursor using the incipient 
wetness impregnation method. After the impregnation, the catalyst was calcined at 360 
°C for 6h under 50 ml/min nitrogen flow. Based on the ICP-OES analysis, the catalyst 
has the atomic ratio of 100Fe/6Cu/4K/25Al. The catalyst is labeled as Fe/Cu/K/Al.  
The ruthenium supported on SiO2 catalyst was prepared by impregnating 
ruthenium nitrosylnitrate (Alfa Aesar) solution onto SiO2 (PQ Corporation). The 
impregnated precursor was dried at 110°C for 24h, followed by the calcination at 300°C 
for 4h under nitrogen flow. The final catalyst has 5 wt % of Ru. This catalyst is denoted 
as Ru/SiO2. 
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Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 
(EDX) were carried out on a Quanta 3D DualBeam FEG FIB-SEM to study the 
morphology and surface element composition changes of the used Fe/Cu/K/Al catalyst 
after FTS with steam addition. The accelerating voltage is set at 20 kV, and the energy-
dispersive spectra (EDS) of the samples are generated from the SEM images at 1000x 
magnification. 
An Empyrean X-ray diffractometer with Cu Kα radiation (λ=0.15406 nm) was 
used for XRD analysis on fresh and used Fe/Cu/K/Al catalyst. The XRD patterns were 
collected from 15° to 90° for Fe-based catalyst. The patterns were analyzed using the 
X’pert HighScore Plus software with the Search & Match feature. 
Fischer-Tropsch synthesis was performed on a PID EFFI microactivity reactor. 
The biomass-derived syngas used in the reaction has the composition of 20 % carbon 
monoxide, 15.5% hydrogen, 4% methane, 10.7% carbon dioxide and balance nitrogen. 
The iron-based catalyst requires a carburization step prior to the reaction. During each 
run, 1 gram of catalyst was mixed with 5 grams of sand, and loaded into a 1 inch 
stainless steel reactor. The reactor was first heated to 280°C under helium flow, then 30 
sccm of carbon monoxide flowed through the reactor for 24h to reduce and carburize 
the catalyst at 280°C and 1 bar. Ru/SiO2 was reduced in H2/He prior to the reaction. 2.5 
grams of catalyst was loaded into the reactor. 5 sccm of H2 and 25 sccm of He flowed 
through the reactor, and the temperature is ramped to 300°C. The catalyst is reduced at 
this temperature in hydrogen for 4 h.  
The reaction was carried out at 270°C on both the carburized Fe-based catalyst 
and the reduced Ru-based catalyst. After the pretreatment step, the temperature is 
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lowered to 270°C, and 40 sccm of biomass-derived syngas and 7 sccm helium was 
mixed and flowed through the reactor. The reactor pressure is set at 20 bar. The 
reaction was kept at this condition for 120 h, and the liquid products (hydrocarbons and 
alcohols) were collected in the liquid traps. Then different amounts of steam were 
injected into the feed. A certain amount of water was pumped by a Gilson 307 pump 
into the vaporizer, which was kept at 180°C to vaporize the steam. Steam is 
subsequently mixed with the syngas-helium flow and injected into the reactor. Helium 
inert flow was adjusted when steam was injected to keep the space velocity constant. 
The composition of steam was 4.1%, 10.2% and 20.5 mole % of the total flow. Liquid 
products were collected at the end of each run. Liquid hydrocarbon and oxygenate 
analysis were conducted by GC-FID from Emerging Fuel Technology (EFT) in Broken 
Arrow, OK. 
Temperature programmed hydrogenation (TPH) is tested on Fe/Cu/K/Al to 
examine the carbonaceous species on the surface and in the bulk of the catalysts. In 
each test, 100 mg catalyst was initially pretreated with 50 sccm of 5% CO/He at 280°C 
for 16h, followed by the CO hydrogenation reaction at different conditions, including: (1) 
10 h reaction at 270°C and 1 atm with simulated biomass-derived syngas (20% CO, 
15.5% H2, 4% CO2 and balance He); (2) 10 h reaction at 270°C and 1 atm with the 
simulated biomass-derived syngas, but flowed through a saturator filled with water prior 
to the reactor; (3) the same reaction conditions as (2), followed by a regeneration step 
with 5% CO/He at 280°C for 16h. After the treatments, TPH pattern was collected by 
flowing 15 sccm H2 through the reactor, and the temperature was ramped to 950°C at 
5°C/min.  
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7.3 Results and discussion 
FTS over the Fe/Cu/K/Al catalyst and Ru/SiO2 catalyst were carried out with 
different concentrations of added steam in the syngas. Table 7.1 shows the CO and 
CO2 conversions and the hydrocarbon distribution of Fe/Cu/K/Al. [No significant activity 
was observed for the run with 20% steam, thus, the conversion and production 
distribution for Fe/Cu/K/Al at 20% steam addition level is not presented in Table 7.1.] 
Table 7.1 CO+CO2 Conversion, hydrocarbon distribution and olefin/paraffin ratio of 
Fe/Cu/K/Al at 270°C, 20 bar, GHSV=2820 scc gcat-1h-1 
Steam in feed (mole 
%) 0 4.1 10.2 
CO+CO2 conversion 
(%) 31.6 23.3 11.1 
CO conversion (%) 26.6 23.3 21.6 
CO2 conversion (%) 40.1 23.2 -6.9 
HC selectivity (C%)    
CH4 15.5 8.1 7.4 
C2-C4 30.0 29.7 19.2 
C5-C11 28.2 30.7 34.5 
C12-C18 10.4 13.3 18.6 
C19+ 1.8 1.4 1.4 
Olefins/n-Paraffins    
C5=- C11=/n-C5-C11 1.6 1.8 2.2 
C12=- C18=/n-C12-C18 0.7 0.8 0.9 
The compositions are calculated based on a 24 h accumulative run at the steady state. 
 
FTS on Fe/Cu/K/Al with 0% steam addition has a total conversion (CO+CO2) of 
31.6%, which is similar to the conversion reported in previous studies of using biomass-
derived syngas for FTS [17-19]. The addition of steam in the feed caused decreased 
CO conversion, and the reaction is completely quenched with 20% steam co-feeding. 
The rate equations for the iron-based FTS catalyst in a fixed bed reactor can be 
expressed as[20, 21] 
 𝑟𝑟𝐹𝐹𝐹𝐹 = 𝐴𝐴 𝑃𝑃𝐻𝐻2𝑃𝑃𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶𝐶𝐶+𝑘𝑘𝐻𝐻2𝐶𝐶𝑃𝑃𝐻𝐻2𝐶𝐶         (Eq 1) 
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Therefore, steam co-feeding would expect to inhibit the rate for FTS. Table 7.1  
 
shows that the presence of steam inhibits CO+CO2 conversion, which is consistent with  
 
the rate expression (Eq 1), This is caused by (1) the decrease of CO partial pressure  
 
due to higher WGS rate[22], and (2) the oxidation of the catalyst, as detected by XRD,  
 
SEM and TPH. The analysis of catalyst oxidation will be discussed later in this section.  
 
The addition of steam increased the selectivity to higher hydrocarbons, especially for  
 
C5+ hydrocarbons on the Fe/Cu/K/Al catalyst. The selectivity to C5-C11 increased from  
 
28.2% to 34.5% at 10.2% steam in the feed, and the C12-C18 selectivity increased from  
 
10.4% to 18.6%. The effect of added steam agrees with the results obtained on cobalt- 
 
based FTS catalysts [23-27]. The increased composition of H2 facilitates the  
 
hydrogenation of dissociated or undissociated CO, which is a rate limiting step in the 
 
conversation of CO to hydrocarbons [21, 28, 29]. Therefore, the increase of H2/CO ratio  
 
leads to higher hydrocarbon selectivity. In addition, Schultz et al. [27] state that adding  
 
steam inhibits the desorption  of monomers and short-chain products, thus, the chain  
 
growth rate increases to favor the formation of higher hydrocarbons. Olefins to n- 
 
paraffins ratio also increases due to the added steam. For C5-C11 hydrocarbons the ratio  
 
of olefins/paraffins increased from 1.59 to 2.24 at 10.2% steam addition. Satterfield et  
 
al. [10] reported considerably decrease in methane selectivity with steam addition  
 
during FTS reactions at 250°C, consistent with the results here (Table 7.1). As  
 
mentioned above, the desorption of monomers and short-chain hydrocarbons on the  
 
surface could be inhibited with the presence of steam. Therefore, the product  
 
distribution shifts to favor long-chain hydrocarbons when steam was added to the feed,  
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while the selectivity to short-chain products such as methane and C2-C4 hydrocarbons is  
 
reduced. The olefin/paraffin ratio for C2-C5 also increases when the steam fraction was  
 
increased from 0 mol % to 30 mol%.  
 
Figure 7.1 shows the outlet CO2 composition as a function of the added steam. 
For FTS with high CO2 concentrations, CO2 can be consumed by the reverse water-gas 
shift reaction to form CO and H2O, or directly converted to hydrocarbons or oxygenates 
[30-32]. A considerable amount of CO2 is hydrogenated into hydrocarbons with 0% 
steam addition, in which case as the outlet CO2 fraction decreased from 10.7% to 6.2%. 
The addition of steam in the feed increased CO2 concentration in the product gas 
(12.8%), which is higher than the CO2 fraction in the feed. This suggests that water-gas 
shift activity is enhanced when steam was added. The enhanced WGS rate lead to 
Figure 7.1 CO2 fraction in the product gas and FTS CO+CO2 total 
conversion with steam in the feed. Red line: Production CO2 
fraction, %. Blue line: CO+CO2 total conversion, %. 
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higher H2/CO ratio, which increases the selectivity to higher hydrocarbons in the 
reaction. 
Table 7.2 CO+CO2 Conversion, hydrocarbon distribution and olefin/paraffin ratio of 
Ru/SiO2 at 270°C, 20 bar, GHSV=2820 scc gcat-1h-1 
Steam in feed (mole %) 0 4.1 10.2 20.5 
CO+CO2 conversion 11.8 11.1 11.3 9.8 
CO conversion 10.0 11.7 11.3 9.0 
CO2 conversion 14.9 13.9 13.4 10.6 
HC selectivity (C%)     
CH4 14.5 14.9 13.1 12.7 
C2-C4 17.5 18.0 15.8 14.2 
C5-C11 32.0 34.4 33.7 34.6 
C12-C18 17.2 17.5 17.5 17.3 
C19+ 1.6 1.8 1.9 1.8 
Olefins/n-Paraffins     
C5=- C11=/n-C5-C11 2.1 2.1 1.9 2.2 
C12=- C18=/n-C12-C18 0.3 0.4 0.3 0.4 
     
The compositions are calculated based on a 24 h accumulative run at the steady state. 
Figure 7.2 X-ray diffraction spectra for the Fe/Cu/K/Al catalyst after (1) calcination, (2) 
carburization under CO, (3) FTS with no steam addition, (4) FTS with 4% steam, (5) 
FTS with 10% steam and (6) FTS with 20% steam addition. 
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The conversion and hydrocarbon distribution for the Ru/SiO2 catalyst is less 
influenced by the presence of steam (Table 7.2). The CO+CO2 conversion slightly 
decreases as steam mol % increased, but the catalyst is still active at 20 mol% steam 
addition, unlike the Fe-based catalyst. Methane selectivity also decreased slightly at 
higher steam addition levels, consistent with the results of Cleays et al. [12]. The 
increasing steam concentration has little influence to the hydrocarbon selectivity and 
olefins/paraffins ratio.   
XRD on the fresh and used Fe/Cu/K/Al catalysts were carried out to study the 
cause of deactivation at higher steam addition level. The XRD patterns for the fresh-
calcined catalyst and the carburized catalyst in Figure 7.2 show that the coprecipitated 
Fe/Cu/K/Al catalyst is XRD amorphous, even after the calcination and carburization 
Figure 7.3 X-ray diffraction spectra from 2θ=34° to 38° for the Fe/Cu/K/Al catalyst after 
FTS under different levels of steam addition. The peak at 2θ=35.537° corresponds to 
Fe3O4 (103) (JCPDS card 01-075-1609). The crystallite size is calculated by Scherrer 
equation. 
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process. The spectra for the sample after FTS with no steam co-feeding is denoted as 
“Dry FTS” in Figure 7.2. The diffraction peaks with high intensities correspond to SiO2 
(JCPDS 01-078-1252), due to the inert silica used to dilute the catalyst. However, the 
sample shows no significant crystalline peaks for iron phases. The amorphous iron 
phase in the catalyst is maintained after FTS for 120 h.  
XRD patterns of the samples after FTS with different level of steam addition are 
designated as “X% steam” in Figure 7.2, where X% stands for the mol% of the added 
steam.  Fe3O4 phase (JCPDS card 01-075-1609) is detected for the spent steam co-
feeding samples, indicating the oxidation of the catalyst after FTS with steam addition. A 
comparison of the XRD patterns with 2θ=34° to 38° on the used catalysts is presented 
in Figure 7.3. The peak at 35.537° corresponds to Fe3O4 (103). The crystallite size 
calculation based on Sherrer equation follows a sequence of 20% steam>10% 
steam>4% steam>Dry FTS. Therefore, the catalyst was oxidized after FTS with steam 
addition, and the Fe3O4 crystallites are larger at higher steam co-feeding conditions.  
 
The SEM images of the Fe/Cu/K/Al catalyst under different steam co-feeding 
concentrations are shown in Figure 7.4. The freshly calcined catalyst is composed of 
Figure 7.4 SEM image at 1000x of (a) Calcined Fe/Cu/K/Al catalyst, (b) Used 
Fe/Cu/K/Al catalyst after FTS with 10% steam co-feeding in syngas, (c) Used 
Fe/Cu/K/Al catalyst after FTS with 20% steam co-feeding in syngas 
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irregular, assorted particles with the average size varying from 10 µm to 25 µm, as seen 
in Figure 7.4. Fischer-Tropsch reaction with 10% steam co-feeding has minor changes 
on the catalyst morphology. However, when 20% of steam was added in the feed, the 
catalyst agglomerated as the average diameter of the catalyst particle increased to ~40 
µm. EDS analysis was performed to determine the change of surface composition after 
steam co-feeding. The atomic ratios of the major elements detected in the EDS are 
summarized in Table 7.3. The catalyst surface is dominated by carbon after 
carburization and dry FTS reaction. However, the surface carbon composition declined 
significantly when steam fraction increased from 10% to 20%, and the atomic % of 
surface oxygen changed from 11% to 16%. The results from XRD and SEM show that 
Fe/Cu/K/Al deactivates during steam co-feeding, which is due to the oxidation of Fe in 
the presence of H2O and CO2. 
Table 7.3 Surface atomic composition of Fe/Cu/K/Al after calcination and FTS with 
steam co-feeding 
Elementa Atomic % calcined 10% steam 20% steam 
C ― 82.7 76.6 
O 56.5 11.19 16.2 
Al 6.6 0.9 1.1 
Fe 34.3 4.9 6.1 
a. Cu and K has 1 atomic % on calcined Fe/Cu/K/Al, trace amount in 10% and 20% 
steam sample 
 
TPH experiments were performed to characterize the carbonaceous species in 
the catalysts after different treatments. Figure 7.5(a) shows the TPH profile of 
Fe/Cu/K/Al after 16 hours of CO reduction at 280°C followed by 10 hours of reaction at 
270°C under dry syngas flow. The profile is deconvoluted into 6 peaks that are assigned 
as (1) atomic carbon (α), (2) amorphous or polymeric carbon (β), (3) bulk iron carbides  
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ε‘-Fe2.2C (γ1) and χ-Fe2.5C (γ2), and (4) graphitic carbon (δ1+ δ2)[33]. The peak 
temperature and carbon content are shown in Table 7.4.  
In another test, the syngas flowed through a water saturator, carrying the 
moisture to simulate the reaction with steam co-feeding. As a result of steam addition, 
the total carbon content (1.73 mmol/gcat) on the catalyst after wet syngas treatment is 
lower comparing with that on the dry syngas treated catalyst (2.42 mmol/gcat). The 
samples with wet syngas treatment contains less iron carbides (γ1+ γ2) in both amount 
and percentage (Table 7.4). Iron carbides, especially Hägg carbides (χ-Fe2.5C) are 
known to be the active phases for Fischer-Tropsch synthesis [34-36]. Treatment with 
wet syngas reduced the carburization extent, which is in agreement with the loss of 
activity during FTS test with steam addition.   
In a separate test, 5%CO/He gas flowed through the reactor to re-carburize the 
catalyst after wet syngas treatment. This test is labelled as “re-carburization” and the 
TPH profile is shown in Figure 7.5(c).  The total carbon content of the re-carburized 
catalyst is 2.18 mmol/gcat, indicating that the catalyst is only partially re-carburized after 
the 16h CO treatment. The re-carburized sample contained similar amounts of α, β and 
δ carbon compared to the sample after wet syngas treatment in Figure 7.5(b), but much 
more carbidic carbon species (γ1+ γ2).  The re-carburized sample has identical carbidic 
carbon content as the sample after dry syngas treatment, thus the iron carbide is 
recovered after the regeneration step using 5%CO/He. The TPH results of both the wet 
syngas treated and the re-carburized sample show less polymeric carbon (Cβ), which 
indicates that steam addition can remove the surface carbon[12].  
117 
 
The concentration of active phases for FTS (ε‘-Fe2.2C and χ-Fe2.5C) is lower on 
wet syngas treated samples. Based on the results from XRD and SEM, iron carbide was 
oxidized to Fe3O4 when steam was added in the feed, causing the catalyst deactivation 
during FTS. Previous studies reported that the loss of activity could be recovered once 
steam addition is stopped [10, 11]. For instance, Satterfield et al. [10] claim that the 
synthesis rate could be recovered after the removal of as much as 27 mo l% steam 
addition. However, pure dry synthesis gas was used in their study, with H2 and CO 
only. In this study, the simulated syngas contains 50% He as inert and~3% of steam 
after passing through the saturator, yet the iron carbide is recovered after a 
regeneration step with 5% CO/He. Therefore, even though the activity of Fe/Cu/K/Al 
catalyst was deactivated by oxidation after steam co-feeding, the iron carbide could be 
regenerated by flowing pure reducing gases such as CO or H2/CO mixture. 
7.4 Conclusion 
Up to 20% steam addition during the Fischer-Tropsch synthesis using biomass-
derived syngas has little effect on the unprompted ruthenium-based Ru/SiO2 catalyst, 
except a slight decrease of conversion and methane selectivity. On the iron-based 
Fe/Cu/K/Al catalyst, however, steam addition increased the WGS rate, which led to less 
methane selectivity and increased C5+ selectivity. Steam inhibited the formation of 
surface polymeric and carbidic carbon during the reaction. However, steam co-feeding 
led to the oxidation of iron carbides species especially at higher steam concentrations, 
thus the catalyst activity decreases drastically when steam was added to the feed. 
Although the iron-based catalyst could not be regenerated by the biomass-derived 
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syngas, TPH experiments showed that the iron oxides could be partially re-carburized in 
more reductive carbon monoxide gas.  
Table 7.4 Results of TPH on Fe/Cu/K/Al after different treatments 
designation Treatment Peak temperature °C 
Carbon 
content  
mmol/gcat 
Percentag
e % 
Type of 
carbon 
species 
Dry syngas 16h CO+10h syngas 
388 0.23 9.6 α 
458 0.43 17.7 β 
503 0.70 28.8 γ1 
537 0.71 29.3 γ2 
590 0.17 6.9 δ1 
638 0.18 7.6 δ2 
 Treatment Peak temperature °C 
Carbon 
content  
mmol/gcat 
Percentag
e % 
Type of 
carbon 
species 
wet syngas 
16h CO+10h 
syngas w/ 
saturator 
376 0.20 11.3 α 
460 0.26 15.3 β 
516 0.45 26.0 γ1 
558 0.42 24.1 γ2 
610 0.19 11.0 δ1 
666 0.21 12.3 δ2 
 Treatment Peak temperature °C 
Carbon 
content  
mmol/gcat 
Percentag
e % 
Type of 
carbon 
species 
re-
carburized 
16h CO+10h 
syngas w/ 
saturator + 
16h CO 
413 0.22 10.0 α 
468 0.23 10.6 β 
536 0.69 31.7 γ1 
578 0.65 29.9 γ2 
640 0.21 9.5 δ1 
679 0.18 8.3 δ2 
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Figure 7.5 TPH patterns of Fe/Cu/K/Al after pretreatment in 5%CO/He at 280 °C for 
16 h, followed by (a) treatment at 270 °C with simulated syngas 
(20%CO/15%H2/5%CH4/He) for 16 h. (b) treatment at 270 °C with simulated syngas 
flowed through the steam saturator for 16 h. and (c) treatment at 270 °C with 
simulated syngas flowed through the steam saturator for 16 h, and recarburization 
with 5%CO/He at 280 °C for 16h 
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